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(57) An electric power steering system is provided 
which is capable of providing a favorable steering feeling 
without using compensation logics such as of inertiacom- 
pensation and friction compensation. The electric power 
steering system includes road-noise suppression control 
means (213) for controlling a steering assist motor (9) in 
a manner to damp torque transmission in a higher fre- 
quency region representing road noisesthan afrequency 
region representing road information. A friction value of 
a steering mechanism (A) is decreased enough to allow 
the intrinsic vibrations of the steering mechanism (A) to 
appear. Rotor inertia of the steering assist motor (9) is 
set to a value small enough to allow the frequencies of 
the intrinsic vibrations to be present in the frequency re- 
gion where the torque transmission is damped by the 
road-noise suppression control means (213). 
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Description 

Technical Field 

5 [0001] The present invention relates to an electric power steering system. 
Background Art 

[0002] Important elements for the electric power steering system to receive high evaluation in respect of steering 
10 feeling are to move tires (vehicle) linearly in response to an active input torque (to make a turn or K-turn), to provide a 
direct transmission of road information (frequency band < 5 to 10 Hz), and the like. 

However, the conventional electric power steering systems offer low steering performance having poor linearity and 
difficulty in assessing road conditions, so that drivers have an unnatural steering feeling. 

[0003] Specifically, frictions at torque transmission elements (manual steering gear, reduction gear assembly for 
15 steering assist motor, and the like) of the conventional electric power steering system are considered as necessary evil 
and are set to relatively high values. 

At first view, setting the frictions at the torque transmission elements to high values provide the following merits. That 
is, a handle (steering member) is stabilized against passive input torque (straight-ahead drive, retention of steering 
angle, turn back of handle), is less susceptible to road noises (unwanted frequency band > 5 to 10 Hz) (road noise 
20 resistance), and is improved in convergence. 

However, if the torque transmission elements have great frictions, the system is decreased in the efficiency of transmitting 
the active input torque. In addition, the system having the great frictions requires a high power motor or a reduction gear 
having a high reduction ratio in order to provide a required assist force. This consequently results in the increase of rotor 
inertia about a steering shaft. 

25 The increase of inertia leads to a lowered response in the transmission of an input steering torque (positive input). What 
is more, the handle return is also impaired significantly. 

As described above, the system having the great friction and inertia is incapable of providing the good steering feeling. 
[0004] As solutions to these problems, compensation logics (inertia compensation, friction compensation, damping 
compensation, handle return control and the like) have been proposed and applied to the systems, the logics designed 
30 to permit the high friction/high inertia characteristics of the system and requiring various determination conditions for 
making determinations to make compensations. 

Unfortunately, however, these compensation logics not only impair the coordination of the overall system but also entail 
the following problem. Since the individual compensation logics are independent from one another, it is inevitable that 
plural compensation outputs are active at all times so as to interfere with one another in actual driving conditions where 

35 operating conditions of the system vary in various ways. 

As a result, the state-of-the-art electric power steering systems provide the unnatural steering feeling with poor linearity 
and offers difficulty in assessing the road conditions, so that drivers experience some awkwardness. 
That is, the improvement of the steering feeling based on the compensation logics is a kind of stopgap measure, which 
rather causes the drivers to experience some awkwardness. 

40 [0005] Japanese Unexamined Patent Publication No. 2003-040 120, for example, discloses a technique (hereinafter, 
referred to as Prior Art 1) wherein an inertia converted to a value about handle-shaft is defined to be 4X10 -2 kg-m 2 or 
more and 10X10 -2 kg-m 2 or less, the inertia determined based on an inertia of a brushless motor and a reduction gear 
ratio of a reduction gear portion. Prior Art 1 permits the relatively great inertia of 4X10 -2 kg-m 2 or more in order to 
suppress the road noises such as kick-back from road surface, and provides an inertia compensation control such as 

^5 to compensate for the steering feeling degraded by the inertia feeling resulting from the great inertia. That is, Prior Art 
1 is designed to compensate for the inertia feeling based on the inertia compensation. This is nothing but a stopgap 
measure. 

[0006] Japanese Unexamined Patent Publication No. 2001 -334 948 discloses a technique (hereinafter, referred to as 
Prior Art 2) wherein a complementary sensitivity function is defined to approximate 1 in a frequency band containing 
50 disturbances to be suppressed whereas the complementary sensitivity function is defined to approximate 0 in afrequency 
band containing disturbances to be transmitted. According to Prior Art 2, as well, the suppression of disturbances is 
accomplished by permitting the relatively great motor inertia. 

Specifically, the inertia of the motor is positively utilized for suppressing the unwanted disturbances, while the motor 
inertia perceived by the driver steering the handle is compensated by a torque control system. When the inertia is 
55 increased, resonant frequency of a steering mechanism is decreased. If the relatively great inertia is permitted, there 
may sometimes arise a problem that even a frequency band of road information as the disturbances to be transmitted 
must be damped. This makes it impracticable to realize an electric power steering system providing the ease of assessing 
the road conditions. 
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[0007] Furthermore, Japanese Unexamined Patent Publication No. 2001 -01 8 822 discloses a technique (hereinafter, 
referred to as Prior Art 3) wherein determination is made as to whether the disturbances are present in a region where 
the driver is sensitive to the steering feeling and based on the determination result, a control gain is changed or correction 
using a n on -interactive control correction value or a pulsating torque correction value is provided or not. 
5 Furthermore, Japanese Unexamined Patent Publication No.2003-040 128 discloses a technique (hereinafter, referred 
to as Prior Art 4) wherein the system includes correcting means for correcting a current command value used for 
controlling the magnetic field of the motor and wherein the current command value for the control of the magnetic field 
of the motor is corrected when a steering speed is high. 

Furthermore, Japanese Unexamined Patent Publication No.H3(1991)-178 868 discloses a technique (hereinafter, re- 
10 ferred to as Prior Art 5) wherein a viscous -friction compensation value is corrected according to a detected vehicle speed 
in a manner that the viscous friction is increased when the vehicle speed is high and that the current has such a polarity 
as to eliminate the viscous friction and a small absolute value when the vehicle speed is low. 

The controls provided by Prior Art 3 and 4 involve discontinuous torque variations when the control modes are switched 
based on the determination result. The correction proposed by Prior Art 5 also involves unnatural torque variations in 

15 conjunction with the vehicle speed variations. 

[0008] Furthermore, Japanese Unexamined Patent Publication No. 2000-238 655 (Prior Art 6) discloses a technique 
wherein a torque ripple of the motor is reduced to 1 0% or less, a response frequency of a torque sensor is set to 20 Hz 
or more and a frequency band of torque control is set to 20 Hz or more. A steering system normally has a mechanical 
resonance point at frequencies of 15 to 20 Hz. In actual fact, the system is prone to vibrations if the frequency band of 

20 torque control is set to 20 Hz or more. 

[0009] The other documents related to the invention disclosed herein are as follows: 

Prior Art 7: Japanese Unexamined Patent Publication No. 2001 -275 325; 

Prior Art 8: Japanese Unexamined Patent Publication No.2003-061 272; 
25 Prior Art 9: Japanese Unexamined Patent Publication No.H6(1 994)-227 41 0; 

Prior Art 10; Japanese Unexamined Patent Publication No.2001-133 343; 

Prior Art 11; Japanese Examined Patent Publication No.S62(1 987)-038 579; 

Prior Art 12; Japanese Unexamined Patent Publication No.H1 1 (1999)-124 045; 

Prior Art 13; Japanese Unexamined Patent Publication No.2000-289 638; 
30 Prior Art 14; Japanese Unexamined Patent Publication No.H8(1 996)-091 236; 

Prior Art 15; Japanese Unexamined Patent Publication No.H10(1998)-278 818; 

Prior Art 16; Japanese Unexamined Patent Publication No.2001-233 234; 

Prior Art 17; Japanese Unexamined Patent Publication No.H8(1996)-1 19 132; 

Prior Art 18; Japanese Unexamined Patent Publication No.HB(1 996)-308 198; 
35 Prior Art 19; Japanese Unexamined Patent Publication No.2001-151 121; 

Prior Art 20; Japanese Unexamined Patent Publication No.2002-372 469; 

Prior Art 21 ; Patent Publication No.278 2254 

Disclosure of the Invention 

40 

[0010] As described above, if the improvement of the steering feeling relies upon the various compensation logics 
proposed by the prior art, the linearity of the steering system is rather impaired so that the good steering feeling is not 
provided. 

Therefore, the electric power steering system may not be able to provide an excellent steering feeling if the system relies 
45 upon the compensation logics for improving the steering feeling. 

The invention is directed to the improvement of the steering feeling by taking a different approach from the prior-art 
approaches which rely upon the compensation logics. 

[001 1 ] The present inventors have made intensive studies on the electric power steering system to find that the steering 
performance and the steering feeling depend upon the followability of the mechanical system. 

50 The inventors have accomplished the invention, noting the fact that both the friction and the inertia are set to the relatively 
great values in the prior art, the great friction and inertia impairing the followability of the mechanical system and neces- 
sitating the compensation based on the compensation logics, which results in the impaired linearity of the steering feeling. 
[001 2] According to the invention, an electric power steering system for providing a steering assist by applying a power 
of a steering assist motor to a steering mechanism, the system comprises road-noise suppression control means for 

55 controlling the steering assist motor in a manner to damp torque transmission in a higher frequency region representing 
road noises than a frequency region representing road information, and is characterized in that a friction value of the 
steering mechanism is decreased enough to allow intrinsic vibrations of the steering mechanism to appear, and that 
rotor inertia of the steering assist motor is set to a value small enough to allow a frequency of the intrinsic vibrations to 
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be present in the frequency region where the torque transmission is damped by the road-noise suppression control means. 
[001 3] According to the invention, the friction is reduced so that the steering feeling is improved by virtue of decreased 
friction sensation. A frictional element as an element to suppress the intrinsic vibrations of the steering mechanism has 
such a decreased value as to allow the intrinsic vibrations to appear. 

Provided that an elastic constant of an elastic element such as a torsion bar is represented by K[Nm/rad] and that the 
inertia is defined as J [kg-m 2 ] = [Nm-s 2 /rad], an intrinsic angular frequency con is expressed as follows: 

con = V(K/J). 

[0014] Since the invention decreases the rotor inertia, the inertia feeling is decreased to improve the steering feeling. 
What is more, the invention decreases the friction enough to allow the intrinsic vibrations to appear, whereas the low 
rotor inertia raises the intrinsic vibration frequency to the frequency region where the torque transmission is damped by 
the road-noise suppression control means (as apparent from the above equation, the inertia J may be decreased to 
increase the intrinsic vibrations). 

If the intrinsic vibration frequency is present in the frequency region of the road information, the road-noise suppression 
control means is unable to suppress the intrinsic vibrations. This leads to the necessity of complicated condition deter- 
minations in order to accomplish both the suppression of the intrinsic vibrations and the prevention of the elimination of 
the road information in the road-information frequency region where the elimination of the road information per se is not 
so desired. However, if the intrinsic vibration frequency is present in the frequency region of the road noises, it is easy 
to suppress the road noises. 

According to the invention as described above, the steering mechanism as the mechanical system features good fol- 
lowability based on low friction/low inertia. Because of the lowf riction sensation and inertiafeeling, the steering mechanism 
needs not perform dynamics compensation logics impairing the linearity of friction compensation/inertia compensation 
and the like. Hence, the steering feeling is improved. 

[001 5] According to another aspect of the invention, an electric power steering system operating to apply a torque of 
a steering assist motor to a steering mechanism including a steering gear via a reduction gear assembly and permitting 
afriction of the steering gear and a friction ofthe reduction gear assembly to act as resistance for reducing the transmission 
of the torque of the steering assist motor, the steering system is characterized in that a motor having a rotor inertia 
(converted to a value about a steering shaft) of 0.012 kgm 2 or less is employed as the steering assist motor, and that 
the sum of the friction of the steering gear and the friction of the reduction gear assembly (converted to a value about 
the steering shaft) is defined to be 1 Nm or less. 

According to the above constitution, the value of the rotor inertia is decreased enough to allow the drivers to perceive 
less inertia feeling and hence, a good steering feeling with less inertia feeling may be provided. Since the frictions at the 
individual parts of the system are decreased so as to allow even a small motor with low inertia to provide a required 
assist force, the system has a high torque transmissibility and is capable of providing the required assist force even if 
the reduction gear assembly has a low reduction ratio. 

Thus is obtained the steering mechanism of low friction/low inertia. By virtue ofthe low friction/low inertia characteristics, 
the steering mechanism is capable of providing a natural steering feeling. 

[0016] According to still another aspect of the invention, the electric power steering system may preferably comprise 
meansforcontrollingthesteering assist motorin amannertodamptorquetransmission in afrequency region representing 
road noises. In this case, the steering system is adapted to provide the good steering feeling based on the low friction/low 
inertia characteristics and also to achieve an enhanced road noise resistance. 

Brief Description of the Drawings 

[0017] 

FIG. 1 is a schematic diagram showing an arrangement of a principal part of an electric power steering system; 
FIG. 2 is a Bode diagram showing characteristics of a phase compensating portion; 
FIG. 3 is a Bode diagram showing characteristics of the electric power steering system; 

FIG. 4 is a graph showing the results of power spectrum analysis on the electric power steering system not providing 
phase compensation; 

FIG. 5 is a graph showing the results of power spectrum analysis on the electric power steering system providing 
the phase compensation; 

FIG. 6 is an enlarged view showing an area of an intersection of a rack shaft and a pinion shaft; 

FIG. 7 is a transverse sectional view showing a meshing engagement portion between rack teeth and pinion teeth; 
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FIG. 8 is a flow chart showing a procedure for selecting various tooth factors of the pinion teeth; 
FIG. 9 is a group of diagrams explanatory of a trochoid interference clearance; 

FIG. 10 is a graph showing measurement data on rotational torque of a rack-and-pinion type steering gear; 

FIG. 11 is a graph showing measurement data on reverse input of the rack-and-pinion type steering gear; 

FIG. 12 is a diagram showing a preferred mode of modification of tooth-flank configuration; 

FIG. 1 3 is a graph showing the results of a test examining the effect of the modification of tooth-flank configuration; 

FIG. 14 is a graph showing a relation between the teeth number and the module of a pinion; 

FIG. 15 is a graph showing relations of a pressure angle of the pinion with the trochoid interference clearance and 

with the thickness of tooth tip; 

FIG. 1 6 is a graph showing relations of the tooth height of the pinion with the flank stress and with the thickness of 
tooth tip; 

FIG. 17 is a diagram explanatory of a tooth-flank configuration of a reduction gear assembly used in the electric 

power steering system according to an embodiment of the invention; 

FIG. 18 is a graph showing measurement data on rotational torque about a steering shaft; 

FIG. 19 is a graph showing measurement data on the efficiency of the reduction gear assembly; 

FIG. 20 is a graph showing measurement data on motor loss torque; 

FIG. 21 is a block diagram showing an arrangement of an ECU as a control unit of the electric powersteering system; 
FIG. 22 is a group of diagrams including a circuit diagram (a) explanatory of phase-to-phase adjustment of wiring 
resistances in a drive circuit and schematic diagrams (b and c) showing configurations of principal parts; 
FIG. 23 is a block diagram showing a current control system by using transfer functions; 
FIG. 24 is a waveform chart of motor torque for explaining a torque ripple reduction effect; 

FIG. 25 is a Bode diagram showing characteristics of a motor/drive circuit system in a conventional electric power 
steering system; 

FIG. 26 is a diagram showing a relation between three-phase-ACcoordinates and d-q coordinates of an electric motor; 
FIG. 27 is a block diagram showing an example of a more specific arrangement of the ECU; 
FIG. 28 is a block diagram showing a specific example of an arrangement of a magnetic field distortion compensating 
portion shown in FIG. 27; 

FIG. 29 is a block diagram showing a specific example of an arrangement of a high-order-current distortion com- 
pensating portion shown in FIG. 27; 

FIG. 30 is a Bode diagram showing specific characteristics of a current control system shown in FIG. 27; 

FIG. 31 is a waveform chart showing a specific example of measurement data on no-load induced electromotive 

force (induced voltage) of the electric motor; 

FIG. 32 is a waveform chart showing a specific waveform of a magnetic-field-distortion compensating current element 
decided by the above magnetic field distortion compensating portion; 

FIG. 33 is a graph showing a measurement example of ratios of high-order components to a first-order component, 
the components contained in an induced voltage of the above electric motor; 

FIG. 34 is a graph showing a measurement example of a target current value of the above electric motor and gain 

variations of the high-order components relative to the first-order component; 

FIG. 35 is a waveform chart showing specific output torques from the above electric motor; 

FIG. 36 is a diagram showing an assist map; 

FIG. 37 is a schematic diagram schematically showing a steering mechanism of the electric power steering system; 
FIG. 38 is a diagram showing an exemplary assist characteristic; 

FIG. 39 is a Bode diagram showing characteristics of an open-loop torque transfer function in the electric power 
steering system as determined by simulation, the characteristics determined with a n on -interactive control provided 
and without the non-interactive control; 

FIG. 40 is a group of Bode diagrams showing characteristics of the electric power steering system providing phase 

compensation and of the electric power steering system not providing the phase compensation; 

FIG. 41 is a block diagram principally showing the phase compensating portion of the ECU; 

FIG. 42 is a Bode diagram showing characteristics of the phase compensating portion; 

FIG. 43 is a flow chart showing a procedure for calculating a wandering compensating current; 

FIG. 44 is a flow chart showing another procedure for calculating the wandering compensating current; 

FIG. 45 is a graph showing a relation between the vehicle speed and the vehicle speed gain G(v) in the calculation 

of the wandering compensating current; 

FIG. 46 is a flow chart showing a procedure for correcting a detected motor current value; 

FIG. 47(a) is a graph showing a cogging torque, (b) graphically showing torque variations in the reduction gear 
assembly, (c) graphically showing torque variations in an output shaft; 

FIG. 48 is a group of diagrams showing meshing states of a first gear and a second gear, (a) showing a state where 
the torque of the first gear is at maximum, (b) showing a state where the torque of the first gear is at minimum; 
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FIG. 49 is a group of enlarged views showing an exemplary constitution of a viscoelastic member, (a) showing the 
member in plan, (b) showing the member in section taken on the line A-A in (a); 

FIG. 50 is a group of enlarged views showing another exemplary constitution of the viscoelastic member, (a) showing 
the member in plain, (b) showing the member in section taken on the line B-B in (a); and 

FIG. 51 is a group of graphs showing test results on impulse response of the electric power steering system, (a) 
and (b) graphically showing the results of the tests conducted with the viscoelastic member interposed between 
input and output shafts and with a frictional member interposed between the input and output shafts, (c) graphically 
showing the result of the test conducted without the viscoelastic member or the frictional member interposed between 
the input and output shafts. 



Best Modes for Carrying Out the Invention 

[0018] The description comprises the following chapters: 



1 . Steering system [001 9] 

1.1. General Constitution of the Steering system [001 9] 

1.2. Road Noise Suppressing Means; Phase Compensating Unit [0026] 

1 .3. Consideration for System Components] [0030] 

1.3.1. Elasticity [0032] 

1 .3.2. Damping, Viscous Friction [0033] 

1.3.3. Inertia [0034] 

1 .3.4. Friction [0035] 

1 .4. Intrinsic Vibration Frequencies of Steering Mechanism [0036] 

2. Principal Frictions in Mechanical System of Steering System [0041] 

2.1. Manual Steering Gear [0041] 

2.1.1. Consideration for Friction at Manual Steering Gear [0041] 

2.1 .2. Preferred Mode of Pinion Teeth [0057] 

2.2. Reduction Gear Assembly [0108] 

2.2.1 . Consideration for Reduction Gear Assembly [01 08] 

2.2.2. Preferred Mode of Reduction Gear Assembly [0121] 

2.3. Consideration for Friction of Manual Steering Gear and Reduction Gear Assemblies [0134] 

3. Steering Assist Motor; Rotor Inertia [0135] 

4. Motor Drive Circuit (Drive Circuit) [0138] 

4.1 . Consideration for Motor Drive Circuit [0138] 

4.2. Fundamental Consideration for Prior-Art Motor Drive Circuit [0144] 

4.3. General Constitution of Control Unit Including Drive Circuit (Drive Circuit) [0148] 

4.4. Constitution of Principal Part of Motor/Drive Circuit System [0156] 

4.5. Action and Effect of Drive Circuit of the Embodiment [01 62] 

4.6. Modifications of Drive Circuit [01 64] 

5. Linearity of Steering Feeling [0166] 

5.1 . Torque Pulsation Compensation [01 66] 

5.1 .1 . Consideration for Torque Pulsation Compensation [01 66] 

5.1 .2. Constitution of Electric Motor and Overview of Drive Control thereof [01 74] 

5.1 .3. Constitution and Operation of ECU [01 77] 

5.1 .4. Constitution and Frequency Characteristics of Current Control System [01 89] 

5.1 .5. Constitution and Operations of Magnetic Field Distortion Compensating Portion [0190] 

5.1 .6. Constitution and Operations of High-Order-Current Distortion Compensating Portion [0199] 

5.2. Dead Zone [0212] 

5.2.1 . Consideration for Dead Zone [0212] 

5.2.2. Preferred Mode Related to Dead Zone [021 6] 

5.3. Changeover of Phase Compensation Characteristics [0222] 

5.3.1 . Consideration for Phase Compensation Characteristic [0222] 

5.3.2. Preferred Mode of Phase Compensation Means [0237] 

5.4. Compensation for Transverse Vehicle Wandering [0264] 

5.4.1 . Consideration for Transverse Vehicle Wandering [0264] 

5.4.2. Preferred Mode of Suppressing Transverse Vehicle Wandering] [0267] 

5.5. Compensation for Temperature Characteristic of Current Detector [0271 ] 
5.5.1 . Consideration for Temperature Characteristic of Current Detector [0271] 
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5.5.2. Preferred Mode of Compensation for Temperature Characteristic [0280] 

5.5.3. Modifications [0294] 

5.6. Phase Alignment in Reduction Gear Assembly [0296] 

5.6.1 . Consideration for Mesh of GearTeeth of Reduction Gear Assembly and Torque Variations thereof [0296] 
5 5.6.2. Preferred Mode of Reducing Torque Variations [0302] 

6. No n- Interactive Control [0307] 

7. Damping of Road Noise in Rack Shaft [0309] 

7.1 . Consideration for Road Noise [0309] 

7.2. Preferred Mode of Viscoelastic Member [0316] 

10 8. Vibration Suppression in Steering Mechanism (Improvement of Convergence) [0326] 

8.1 . Consideration for Vibration Suppression in Steering Mechanism [0326] 

8.2. Preferred Mode of Viscoelastic Member] [0332] 

1 . Steering system 

15 

1.1. General Constitution of the Steering system 

[001 9] FIG. 1 is a schematic diagram showing an arrangement of a principal part of an electric power steering system 
according to one embodiment of the invention. Referring to the figure, the system is mounted to an automotive vehicle, 
20 for example, and includes a steering shaft 2 for changing the direction of steerable wheels 5 according to a steering 
operation by a driver manipulating a steering member (steering wheel) 1. The steering shaft 2 includes: a cylindrical 
mounting shaft 21 having the steering member 1 mounted to an upper end thereof; a cylindrical input shaft 22 unitarily 
rotatably coupled to the mounting shaft 21 ; and a cylindrical output shaft 24 coaxially coupled to the input shaft 22 with 
a torsion bar 23. 

25 [0020] A lower end of the steering shaft 2 (output shaft 24) is coupled with a manual steering gear 3 by means of 
universal joints (29a, 29b; FIG. 37) and the like. The manual steering gear 3 is a rack and pinion type which includes a 
pinion shaft 31 and a rack shaft 32. The rack shaft 32 is axially movably carried in a cylindrical rack housing 33. 
Transversely opposite ends of the rack shaft 32 are coupled with the right-hand and left-hand steerable wheels 5 by 
means of a tie rod 4a and a knuckle arm 4b, respectively. 

30 The rack housing 33 is connected with a pinion housing 34 at a longitudinally intermediate portion thereof in a manner 
that the respective axes thereof intersect each other. The pinion shaft 31 is carried in the pinion housing 34 as allowed 
to rotate about its axis. The pinion shaft 31 is coupled to the lower end of the steering shaft 2 by means of the universal 
joints 29a, 29b and the like. 

[0021 ] A lower half part of the pinion shaft 31 extended though the pinion housing 34 is increased in diameter to define 
35 a great diameter portion extending for a suitable length. The great diameter portion is formed with pinion teeth 35 on an 
outer periphery thereof. On the other hand, the rack shaft 32 carried in the rack housing 33 is formed with rack teeth 36 
which are arranged in a suitable length. The range of the rack teeth includes a portion facing the pinion shaft 31 . The 
rack teeth 36 are meshed with the pinion teeth 35 formed on the peripheral surface of the pinion shaft 31 . 
[0022] The above constitution works as follows. When the steering member 1 is turned for steering purpose, the pinion 
^o shaft 31 coupled to the steering member 1 via the steering shaft 2 is brought into rotation, which is converted into a 
movement in a longitudinal direction of the rack shaft 32 by way of a meshing engagement portion between the pinion 
teeth 35 and the rack teeth 36 whereby the rack shaft 32 is moved in rightward or leftward direction. 
[0023] Such a movement of the rack shaft 32 is transmitted to the right-hand and left-hand knuckle arms 4b, 4b by 
means of the tie rods 4a, 4a coupled to the opposite ends of the rack shaft 32. These knuckle arms 4b, 4b operate to 
45 pull or push the steerable wheels (front wheels) 5, 5 thereby turning the steerable wheels in an operated direction of the 
steering member 1 till the steerable wheels are angled in correspondence to an operation quantity, Thus, the steering 
of the vehicle is accomplished. 

[0024] The mounting shaft 21 is fixed to a vehicle body as accommodated in a steering column 25 and has a lower 
end thereof coupled to an upper end of the input shaft 22 by means of a pin 26. One end of the torsion bar 23 is fixedly 
50 fitted in the input shaft 22, whereas the other end of the torsion bar 23 is fixedly fitted in a lower end of the output shaft 24. 
The input shaft 22 and the output shaft 24 are rotatably mounted in first, second and third housings H1 , H2 and H3 by 
means of bearings. The first, second and third housings H1 , H2 and H3 are fixed to the vehicle body and are separable 
from one another in a vertical direction as seen in the figure. 

[0025] The output shaft 24 is coupled with an electric motor 9 by means of a reduction gear assembly 8. The reduction 
55 gear assembly 8 includes a driving gear 82 and a driven gear 81 meshed therewith. The driving gear 82 is unitarily 
rotatably mounted with an output shaft 91 of the motor 9, such that the rotation of the electric motor 9 is transmitted to 
the output shaft 24 by means of the driving gear 82 and the driven gear 81 . 

The electric motor 9 is driven according to a detection result supplied from a steering action detector (device for detecting 
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a steering torque and/or a steering angle) 7. That is, the electric motor 9 generates a steering assist force according to 
a steering torque inputted from the steering member 1 . 

These reduction gear assembly 8 and the drive motor 9 constitute a steering assist portion for applying the motor- 
powered steering assist force to a steering mechanism A extending from the steering member 1 to the steerable wheels 
5. In this embodiment, the steering mechanism is a steering -shaft assist type (column assist) steering mechanism (C- 
EPS)A which applies the steering assist force to the steering shaft 2. 

1.2. Road Noise Suppressing Means; Phase Compensating Portion 

[0026] FIG. 27 is a block diagram showing an example of a specific arrangement of an ECU 105 for controlling the 
electric motor 9. As shown in the figure, the ECU 105 includes a variety of functions such as a phase compensating 
portion (phase compensator) 21 3 which receives a torque signal Ts from a torque sensor 7. 

The phase compensating portion 213 constitutes road noise suppressing means of the invention. The phase compen- 
sating portion 21 3 is supplied with a torque detection signal from the torque sensor 7. The phase compensating portion 
213 advances the phase of the torque detection signal thereby improving the overall system in responsivity in respect 
of a practical frequency band. 

The phase compensating portion 213 also functions as a filter portion for suppressing road noises. Specifically, the 
phase compensating portion 213 is characterized by a transfer function represented by the following equation: 

Gc(s) = (s 2 +2^ 2 co 2 s+co2 2 )/(s 2 +2^cois+a)i 2 ), 

where s denotes the Laplace operator; ^ denotes the compensated damping coefficient; £ 2 denotes the damping 
coefficient of a compensated system; co-, denotes the compensated natural angular frequency; and co 2 denotes the 
natural angular frequency of the compensated system. 

[0027] FIG. 2 is a Bode diagram of the phase compensating portion 213 wherein the function Gc(s) has values = 
1 .8 and £ 2 = 0.15. As seen from the Bode diagram of FIG. 2, Gc(s) represents the same characteristic as that of a band 
elimination filter (BEF). In the figure, the gain is minimized at 1 6.5 Hz near an intrinsic vibration frequency of the steering 
mechanism A. 

FIG. 3 shows Bode diagrams of a steering system subjected to phase compensation and a steering system un-subjected 
to the phase compensation. The solid line in the figure represents a non-phase-compensated characteristic, whereas 
the broken line represents a phase-compensated characteristic. In the figure, the upper characteristic curves represent 
the gain, whereas the lower characteristic curves represent the phase. 

FIG. 4 graphically shows the results of power spectrum analysis on the system not subjected to the phase compensation, 
whereas FIG. 5 graphically shows the results of power spectrum analysis on the system subjected to the phase com- 
pensation. 

[0028] While the frequency regarded as the road noise varies depending upon required specifications, it is assumed 
here that frequencies of 10 Hz or more are regarded as the road noise and frequencies less than 10 Hz are regarded 
as road information. As seen in FIG. 3 to FIG. 5, the gain decreases at frequencies of 10 Hz or more which constitute 
the road noise. This indicates that torque transmission is damped at the frequency region equivalent to the road noise. 
In the frequency region of lessthan 1 0 Hz which constitutethe road information, on the other hand, the torque transmission 
is damped little. 

[0029] It is noted here that the embodiment employs the phase compensating portion 21 3 having the transfer function 
Gc(s) for achieving both the damping of the road noise and the improvement of the phase characteristic. In the damping 
of road noises having frequencies of a predetermined value or more, however, a low-pass filter (LPF) may also be 
employed in place of the phase compensating portion 21 3 having the transfer function Gc(s). The low-pass filtertransmits 
frequencies of less than the predetermined value but cuts off the frequencies of the predetermined value or more. 
Otherwise, the above low-pass filter may be used in combination with the phase compensating portion 213 having the 
transfer function Gc(s). 

1.3. Consideration for System Components 

[0030] Next, a brief description is made on an influence which is exerted on steering feeling by principal dynamic 
components of the steering system shown in FIG. 1. A transfer function of a spring-mass system receiving a torque 
(steering torque) T as an input and providing an angle (steering angle) 0 as an output is represented by the following 
second-order equation: 
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Mathematical Equation 1 

Js^+ Cs + K 

where, J denotes the inertia [kg-m 2 ] = [Nnrvs 2 /rad]; C denotes the viscous-friction constant [Nrrvs/rad]; T denotes the 
torque [Nm]; and e denotes the angle [rad]. 

[0031 ] The equation (1 ) may be converted into the following equation (1 a): 
Mathematical Equation la 

1 



0 (s)= jr j^T(s) (1a) 

s2+ 7 s+ 7 



Thus are obtained the following equations (2) and (3). 

Mathematical Equation 2 



Wn= J -j [rad/s] (2) 



Mathematical Equation 3 

Z = — Lr- (3) 



2/KJ 



Based on the equation (3), the viscous-friction constant C may be represented by the following equation (4): 

Mathematical Equation 4 



C = 2£/k7 (4) 

The equations (2) and (4) indicate that it is desirable to decrease the inertia J in order to increase the intrinsic vibration 
frequency and to obtain a proper viscous-friction coefficient £ from a small viscous-friction constant C. 
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1.3.1. Elasticity 

[0032] Principal elastic elements K of a torque transmission system for power steering include: the torsion bar 23, the 
universal joints 29a, 29b (interposed between the steering shaft 2 and the manual steering gear 3; FIG. 37), a mount 

5 bush of the manual steering gear 3, tires 5 and a mount bracket of the steering shaft (column) 2. In the electric power 
steering system of the column assist type, in particular, principal inertial elements J (steering wheel 1, motor 9, hubs 
and wheels) are disposed at places forward ly or rearward ly of these elastic elements. Accordingly, the torque transmission 
system makes a vibratory system having plural intrinsic vibrations in a low frequency region (10 to 80 Hz). This is also 
indicated by the above equation (2). For positive suppression of all these intrinsic vibrations, the system must damp 

10 gains, with respect to an open-loop torque frequency characteristic, in a wide frequency region. 

It is also understood from the equation (3) that a viscous-frictional element C, whether in mechanism, control or otherwise, 
is necessary for implementing the damping performance. Finally, however, the system is faced with trade-off between 
the stability of handle behavior and a smooth steering feeling, as will be described hereinafter. Unless the elastic element 
is involved in some function, it is desirable to optforthe following strategy with due consideration of the above discrepancy. 

15 That is, the system is increased in rigidity (such as rigidities of the column bracket, the universal joints and the like) as 
much as possible, while the use of the elastic element is minimized. Alternatively, the intrinsic vibration frequency region 
is shifted to a higher frequency region (1 00 Hz or more). 

1.3.2. Damping, Viscous Friction 

20 

[0033] As seen from the equation (3), the viscous friction C in the second-order system (the torque input-angle output 
system) constitutes an element of suppressing the intrinsic vibrations. In the first-order system (torque input-speed output 
system), on the other hand, the viscous friction C serves as a factor to decrease a time constant and to decrease an 
output (speed) gain. In order for the system to provide a consistent handle behavior by mechanically stabilizing the 

25 above intrinsic vibrations in the case of an extremely small friction, a proper viscous-frictional element for each of the 
intrinsic frequencies is indispensable. In the meantime, the viscous-frictional element constitutes a significant viscous- 
frictional resistance (heavy handle motion) to a steering input. This results in a non-smooth steering feeling. 
A principal mechanical viscous-frictional element includes grease viscous friction of bearings carrying sliding, and rotary 
portions. A principal electrical viscous-frictional element includes a speed-related resistance associated with a counter- 

30 electromotive force of the motor. Care must be taken in positioning and distributing these elements in the system. 
Specifically, if a significant viscous-frictional element exists between the reduction gear assembly 8 and the motor 9, 
the heavy handle motion is abruptly decreased when the steering member is shifted from a non-assist state to an assist 
state, so that the driver may have an uncomfortable feeling. This is an important factor involved in the linearity of steering 
torque variations at the start of steering from a neutral-steer position. It is therefore desirable to minimize the viscous 

35 friction at this portion. 

In a case where the above proper viscous friction is to be implemented by way of motor torque control, as well, the 
system is similarly faced with trade-off between the stability of handle behavior and the smooth steering feeling when 
tuning is performed. 

40 1.3.3. Inertia 

[0034] As seen from the equation (2), the inertial element J in the second-order system (the torque input-angle output 
system) may also serve as a factor to shift the intrinsic vibration frequencies to a lower frequency side and also to 
decrease the output gain in a higher frequency region than the intrinsic frequencies (the equation (la)). In the first-order 
45 system (torque input-speed output system), on the other hand, the inertial element also acts to increase the time constant. 
Therefore, the inertial element works to decrease torque transmission responsivity to a positive input (steering torque) 
and also to cut off an inverse input (disturbances). 

A sensory term "high rigidity" may be used synonymously with a sensory term "low inertia". The high rigidity or low inertia 
depends upon balance between the elastic element and the inertial element disposed at place closer to the output side. 
50 That is, when the intrinsic frequency represented by the equation (2) based on the combination of these elements is at 
such a high value as not to be perceived by the driver, the high intrinsic frequency may be perceived as high rigidity and 
low inertia. 

In order for the system to attain a high-rigidity handle behavior with respect to the positive input (steering torque) and 
to cut off the inverse input, it is desirable to increase the inertial element relative to the elastic element, the inertial 
55 element disposed at place closer to the input side than the elastic element. 

In a case where the motor 9 is interposed between two elastic elements (the torsion bar 23 and the universal joints (not 
shown)), a cutoff frequency for torque transmission from the higher elastic constant side (the universal joints) to the 
lower elastic constant side (the torsion bar 23) is relatively decreased. In the meantime, phase delay at frequencies 
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lower than the cutoff frequency is increased so that a loadless steering feeling with low rigid handle behavior may result. 
On this account, it is desirable to minimize the inertia. 

1.3.4. Friction 

5 

[0035] Friction does not depend upon input frequencies and acts as a constant resistance against both of the positive 
and inverse inputs. That is, the friction is a major causative factor of the decrease of torque transmissibility. The friction 
is always perceived as a dragging feeling in terms of the steering feeling. On the other hand, the friction presents a 
filtering effect against the disturbances. Unfortunately, the friction goes so far as cutting off the necessary road information. 

10 This dictates the need for considering trade-off between the elimination of disturbance and the road information. 

Just as in the case of the viscous friction, how to distribute frictional elements in the system is important. The friction 
interposed between the reduction gear assembly 8 and the motor 9 produces difference between a dragging feeling in 
the assist state and a dragging feeling in the non-assist state. It is therefore desirable to minimize such a friction. 
Static friction is greater than dynamic friction and is instable in value so as to cause unrepeatable stick-slip motions. 

15 Therefore, the static friction is particularly unfavorable. Anyway, the frictions are non-linear elements which are difficult 
to handle. From the viewpoint of the overall system, the frictions may preferably be minimized. 

1.4. Intrinsic Vibration Frequencies of Steering Mechanism 

20 [0036] The electric power steering system according to the embodiment, which will be described in details hereinafter, 
are determined to have intrinsic vibration frequencies on the order of 17 Hz (fn1), 40 Hz (fn2) and 50 Hz (fn3). The 
intrinsic vibration frequencies are produced in accordance with the equation (2) based on an elastic constant Kt of the 
torsion bar 23, an elastic constant Ki of the universal joints 29a, 29b, a rotor inertia Jm, an under-spring inertia (inertia 
on a downstream side from the torsion bar (steerable-wheel-5 side)) J1 and the like. 

25 Since the rotor inertia Jm is decreased in this embodiment, all the intrinsic vibrations occurring at the steering mechanism 
A are in the frequency region of the road noises. By virtue of the decreased rotor inertia Jm, in particular, the intrinsic 
vibration frequency fn1 based on the under-spring inertia J1 and the elastic constant Kt of torsion bar is successively 
increased to the road noise frequency region (e.g., 10 Hz or more). 

[0037] The elastic constant Kt of the torsion bar as a spring element is determined as follows. 

30 

Kt = 29 [kgfcm/deg] 

= 29x9.8x10' 2 x180/tc [Nm/rad]. 

35 

The rotor inertia Jm of the motor 9 is determined as follows. 

Jm = 0.67x1 0" 4 [kgm 2 ] (design value about the motor output shaft 91) 

40 

=0.67x10-4x9.7- [kgm 2 ] (about the steering shaft 2; reduction ratio: 9.7) 
= 0.0063 [Nnrs 2 /rad] 

45 [0038] The under-spring inertia (the inertia on the downstream side from the torsion bar (steerable-wheel-5 side)) J1 
is determined as follows. 

Jl = 0.0148 [Nnrs 2 /rad] 

50 

Out of the under-spring inertia J1 , inertia Jw except for the rotor inertia is determined as follows: 

55 Jw = 0.0085 [Nm s 2 /rad]. 

[0039] The intrinsic frequency fn2 is based on Ki, Jw, whereas the intrinsic frequency fn3 is based on Kt, Ki, Jm. 
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[0040] According to the embodiment, the above intrinsic frequencies (particularly the intrinsic frequency fn 1) are prone 
to develop because the steering mechanism as a whole is decreased in friction by reducing the frictions at the principal 
frictional elements such as the manual steering gear3 and the reduction gear assembly 8, as will be described hereinafter. 
However, the intrinsic frequencies are present in the road-noise frequency region so that the intrinsic frequencies can 
5 be damped by means of the phase compensating portion 213. 

2. Principal Frictions in Mechanical System of Steering System 

[0041] The principal frictional element in the mechanical system of the steering system includes the manual steering 
10 gear 3 and the reduction gear assembly 8. 

2.1 Manual Steering Gear 

2.1.1. Consideration for Friction at Manual Steering Gear 

15 

[0042] In the steering systems of the rack and pinion type, a variety of proposals have heretofore been made on 
various tooth factors of the pinion teeth and rack teeth (pressure angle, module, teeth number and the like) aiming at 
maintaining a proper meshing engagement between the pinion teeth formed on the pinion shaft and the rack teeth formed 
on the rack shaft thereby providing the driver with a comfortable steering feeling (Prior Art 1 1 ). 

20 in the above rack-and-pinion type steering system, the various tooth factors of the pinion teeth formed on the pinion 
shaft are so selected as to satisfy design conditions imposed by the vehicle in which the pinion shaft is mounted. 
Specifically, the various tooth factors are selected to ensure strength such that the pinion teeth may withstand required 
load conditions with respect to the quantity of movement of the rack shaft per one revolution of the pinion shaft or a 
circumference of a length limited by a stroke ratio. 

25 [0043] In many cases, the pressure angle of the above tooth factors is defined to be a standard value (20° or 14.5°) 
specified by JIS (Japanese Industrial Standard). In a case where this standard value is used, the other tooth factors 
selected according to a common stroke ratio (35 to 60 mm/rev) are a module on the order of 2.5 and a teeth number of 5. 
[0044] However, the rack-and-pinion type steering system adopts a specific meshing engagement mode in order to 
reduce rattling noises at the meshing engagement portion between the pinion teeth and the rack teeth thereby preventing 

30 the degradation of the steering feeling. The specific meshing engagement mode uses pre-load means based on a spring 
load for pressingly biasing the rack shaft toward the pinion shaft, thereby bringing the pinion teeth and the rack teeth 
into a backlash-free meshing engagement. 

[0045] In a case where the tooth factors of such pinion teeth are selected according to the aforesaid relatively small 
standard pressure angle, the rack teeth is excessively pressed into the pinion teeth by the above pre-load means so 
35 that the pinion teeth is increased in meshing friction with respect to the rack teeth. Accordingly, the driver manipulating 
the steering member coupled to the pinion shaft tends to receive less reaction force transmitted from the road surface. 
This results in the degraded steering feeling. 

[0046] As described above, the selected teeth number of the pinion shaft is small (5 teeth). In a case where the pinion 
teeth of such a pinion shaft are meshed with the rackteeth, there occurs a so-called trochoid interference, a phenomenon 

^o wherein tips of the rack teeth located beyond a normal meshing engagement position act to bore roots of the pinion 
teeth. This leads to a further increase of the meshing friction between the pinion teeth and the rackteeth, which further 
aggravates the aforementioned problem. Furthermore, in the case of a significant trochoid interference, the thickness 
of the roots of the pinion teeth is progressively decreased with time as abraded by the tips of the rack teeth, so that the 
pinion teeth are decreased in strength. This leads to a fear that the pinion teeth may be broken before the lapse of a 

45 required endurance time. 

[0047] Furthermore, the following problems are encountered by the electric power steering system of the column 
assist type which includes the steering assist motor disposed at some intermediate place of the steering shaft (column 
shaft) interconnecting the steering member and the pinion shaft and which is adapted to transmit the torque of the motor 
to the pinion shaft for assisting the aforementioned steering operation. In addition to a steering torque applied to the 

50 steering member by the deriver, the rotational torque of the motor is applied to the pinion teeth formed on the pinion 
shaft and hence, the aforementioned fear of teeth breakage increases. What is more, the system is decreased in 
responsivity in the transmission of the rotation of the motor to the rack shaft via the pinion shaft, thus failing to provide 
the good steering feeling. 

[0048] Prior Art 1 1 merely suggests a method wherein a run-out angle and a pressure angle of the rack teeth are 
55 selected based on a relation with a sectional configuration of the rack shaft. This method is directed to the prevention 
of a roll-on phenomenon where the rackteeth roll on the pinion teeth in conjunction with the rotational displacement of 
the rack shaft about its axis, the phenomenon occurring at the meshing engagement portion between the pinion teeth 
and the rack teeth, which are formed as spiral teeth. That is, the prior art does not offer a measure overcoming the 
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aforementioned problems resulting from the meshing friction and the trochoid interference. 

[0049] In order to prevent the trochoid interference, the prior art adopts a measure wherein the pinion teeth and the 
rack teeth meshed therewith are formed as low teeth so as to define a predetermined clearance therebetween, the low 
teeth having a tooth height smaller than 1 module, the tooth height ranging from a pitch circle to the tooth tip. In this 
5 case, it is difficult for the rack teeth and the pinion teeth to achieve a transverse contact ratio of 1 or more. Thus, the 
rack teeth and the pinion teeth make discontinuous contact therebetween. This leads to another drawback that a smooth 
movement of the rack shaft for steering operation is imapired. 

[0050] The rack-and-pinion type steering system may preferably have the following constitution in order that the 
steering system may reliably provide the smooth and favorable steering feeling over an extended period of time by 

10 forming the pinion teeth which adopts the great pressure angle for reducing the meshing friction with respect to the rack 
teeth and have the other tooth factors set to optimum values based on the adopted pressure angle. 
[0051 ] That is, the preferred rack-and-pinion type steering system has the constitution wherein the pinion teeth formed 
on the periphery of the pinion shaft are in backlash-free meshing engagement with the rack teeth formed on the periphery 
of the rack shaft, wherein the rotation of the pinion shaft coupled to the steering member is transmitted to the rack shaft 

15 via the meshing engagement portion between the pinion teeth and the rack teeth, and wherein the rack shaft is longi- 
tudinally moved at a predetermined stroke ratio thereby steering the steerable wheels. This rack-and-pinion type steering 
system is characterized in that the pinion teeth have a pressure angle a set in the range of 24° < a < 30° and have a 
module m, a teeth number z, a tooth height h and run-out angle p selected based on the pressure angle a and the stroke 
ratio in a manner to satisfy predetermined design conditions and set in respective ranges as below: 

20 

Module m: 1.8 < m < 2.0 
Teeth number z: 7 < z <13 
Tooth height h: 2m < h < 2.5m 
Run-out angle p: p < 35° 

25 

[0052] According to the above constitution, the pressure angle a of the pinion teeth formed on the pinion shaft is 
defined to be 24° or more, which is substantially greater than the standard pressure angle. Thus, the pinion teeth are 
decreased in the meshing friction even under the pre-load pressingly applied by the rack teeth, thereby achieving a 
smooth torque transmission. The pressure angle a has an upper limit of 30°, which is posed by machining reasons. 

30 Then, the other tooth factors are decided as follows. Based on the pressure angle a so selected and the stroke ratio, 
proper values of the module m and the teeth number z are so selected as to satisfy geometrical conditions to provide 
the trochoid interference clearance and a sufficient thickness of the tooth tip as well as to satisfy strength requirements 
to ensure strength at the tooth root and fatigue strength of tooth flank. At this time, a proper tooth height h is so selected 
as to minimize dislocation and to suppress sliding movement at the meshing engagement portion. In the meantime, a 

35 proper value of the run-out angle p is so selected as to reduce load on the bearings supporting the pinion shaft. Thus 
is provided the smooth torque transmission to the rack shaft including the rack teeth in the backlash-free meshing 
engagement. What is more, the smooth torque transmission is assuredly carried out to realize the good steering feeling. 
[0053] The pinion teeth may preferably have a modified tooth-flank configuration wherein a pressure angle error in a 
direction to increase the stress of meshing engagement with the rack teeth is provided along a tooth profile direction, 

^o and a tooth flank is centrally protruded. Furthermore, the pinion teeth may preferably have a modified tooth-flank con- 
figuration wherein the tooth flank is provided with crowning in a tooth-trace direction. 

[0054] In these cases, a modified tooth-flank configuration wherein either the correction of pressure angle in the tooth 
profile direction or the crowning in the tooth-trace direction is provided alone or these modifications are provided in 
combination is adopted to improve teeth contact causing torque variations during the steering operation, whereby the 
45 steering feeling is improved. Furthermore, an insufficient strength of the pinion teeth is compensated for by uniformalizing 
wear of the tooth flank. 

[0055] The preferred electric power steering system may preferably have a constitution wherein the steering assist 
motor is disposed between the steering member and the pinion shaft and wherein the torque of the motor is transmitted 
to the pinion shaft for assisting the steering implemented according to the rotation of the pinion shaft. 

50 [0056] In this case, the electric power steering system, wherein the combination of the force applied to the steering 
member by the driver and the force generated by the motor is applied to the meshing engagement portion between the 
pinion teeth and the rack teeth, employs the pinion teeth having the aforementioned tooth factors for eliminating the fear 
of tooth breakage and for preventing the degraded responsivity due to the influence of the meshing friction, whereby 
the good steering feeling is provided. 

55 [0057] By virtue of the proper selection of the tooth factors of the pinion teeth formed on the pinion shaft, the rack- 
and-pinion type steering system of the above constitution is adapted to bring the pinion teeth into backlash-free meshing 
engagement with the rack teeth formed on the rack shaft under the smallest possible meshing friction without entailing 
the trochoid interference. Thus, the above system may present an excellent working effect such as to reliably provide 
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the smooth and favorable steering feeling over an extended period of time. 
2.1.2. Preferred Mode of Pinion Teeth 

5 [0058] FIG. 6 is an enlarged view showing an area of an intersection of the rack shaft 32 and the pinion shaft 31 . As 
schematically shown in the figure, the pinion teeth 35 formed on the pinion shaft 31 are formed as helical teeth having 
a predetermined helix angle p with respect to an axis of the pinion shaft 31 . On the other hand, the rack teeth 26 formed 
on the rack shaft 32 are formed as spiral teeth inclined at an angle corresponding to the helix angle p with respect to a 
direction orthogonal to the longitudinal direction of the rack shaft 32. The rack teeth 26 are meshed with the pinion teeth 

10 35 at the intersection of the rack shaft 32 and the pinion shaft 31 . 

[0059] FIG. 7 is a transverse sectional view showing the meshing engagement portion between rack teeth 36 and 
pinion teeth 35. As shown in the figure, the rack teeth 36 has the pressure angle a that the tooth flank forms with respect 
to the tooth profile direction. The pinion teeth 35 meshed with the rack teeth 36 also have the same pressure angle a. 
[0060] It is noted here that the rack shaft 32 is pressingly biased toward the pinion shaft 31 by means of the known 

15 pre-load means based on the spring load, so that the rack teeth 36 and the pinion teeth 35 are in the backlash-free 
meshing engagement as shown in FIG. 7. This is effective to reduce the rattling noises caused by tooth-to-tooth collision 
at the meshing engagement portion between the rack teeth 36 and the pinion teeth 35, the collision occurring when, for 
example, steering direction is changed by inversely turning the steering member 1 or when the inverse input is applied 
from the rack shaft 32. 

20 [0061] On the other hand, the rack teeth 36 and the pinion teeth 35 in the backlash-free meshing engagement have 
a great meshing friction. The influence of the meshing friction is transmitted to the steering member 1 coupled to the 
pinion shaft 31 via the steering shaft 2, so as to be physically perceived by the driver manipulating the steering member 
1 . This results in the degraded steering feeling. 

[0062] For achieving the good steering feeling by reducing such a meshing friction, it is effective to increase the 
25 pressure angle a of the pinion teeth 35 (and of the rack teeth 36), for example, thereby weakening a wedge effect 
between the rack teeth 36 and the pinion teeth 35 in the backlash-free meshing engagement. On the other hand, the 
pressure angle a has the upper limit posed by the machining reasons, so that a pressure angle a exceeding 30° may 
no be adopted. The rack-and-pinion type steering system according to the embodiment has an object to achieve the 
greatest possible reduction of the meshing friction as circumventing the limitation posed by the machining reasons. That 
30 is, the pressure angle a of the pinion teeth 35 is selected from the range of 24° < a < 30°, which is substantially greater 
than the standard pressure angle specified by JIS. 

[0063] The rack-and-pinion type steering system is subjected to a stroke ratio S representing the quantity of movement 
of the rack shaft 32 per one revolution of the pinion shaft 31 , the stroke ratio being a requirement from the vehicle in 
which the steering system is mounted. The stroke ratio is in the range of 35 mm < S < 60 mm according to common vehicles. 
35 [0064] The module m, the teeth number z, the tooth height h and the helix angle p as the other tooth factors of the 
pinion teeth 35 are each selected according to the following procedure using the above pressure angle a and the stroke 
ratio S selected from the respective ranges. 

[0065] FIG. 8 is a flow chart showing the procedure for selecting the individual tooth factors of the pinion teeth 35. In 
this selection procedure, the pressure angle a and the stroke ratio S are first set (Step 1). 

40 [0066] Since a gear cutting tool limits adoptable pressure angles a, the aforesaid lower limit (= 24°) is set as an initial 
value, for example. The following procedure is repeated as varying the set value for each pitch determined under the 
limitation posed by the cutting tool, till the initial value is increased to the upper limit (= 30°). In an actual design process, 
the stroke ratio S is a fixed value which is given as a design requirement from the vehicle in which the steering system 
is mounted. In orderto define proper ranges of the module m and the teeth number z, the following procedure is performed 

45 as varying stepwise the set value of the stroke ratio from the lower limit (= 35 mm) to the upper limit (= 60 mm). 

[0067] After the pressure angle a and the stroke ratio S are set in the aforementioned manners, these set values are 
used to calculate the module m and the teeth number z of the pinion teeth 35 (Step 2). The calculation is performed 
according to a known procedure using peripheral dimensions including an outside diameter of the pinion shaft 31 on 
which the pinion teeth 35 are formed, an axis-to-axis distance between the pinion shaft 31 and the rack shaft 32 and 

50 the like, and the above pressure angle a and stroke ratio S. The module m and the teeth number z are given as a 
combination of a teeth number z limited to integers and a corresponding module m. 

[0068] Next, the helix angle p of the pinion teeth 35 is set to plural values within a range below a predetermined upper 
limit angle (Step 3). The tooth height h is setto plural values within a predetermined range including the module m (Step 4). 
[0069] The upper limit of the helix angle p depends upon a thrust load carrying capacity of the bearings carrying the 
55 pinion shaft 31 with the pinion teeth 35 in the pinion housing. The upper limit is commonly defined to be 40° or so. 

On the other hand, in a case where the helix angle p is small, a length of path of contact between the pinion teeth 35 
and the rack teeth 36 with respect to the tooth trace direction is decreased so much that the strength conditions to be 
described hereinafter may not be satisfied. In the actual design process, therefore, a helix angle p is selected from the 
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range of 30° to 35°, which approximates the upper limit angle. In order to define the proper ranges of the module m and 
the teeth number z, however, the embodiment performs the following procedure with the helix angle p set to each of the 
values ranging from the upper limit angle (= 40°) to the lower limit angle (= 0°). 

[0070] The tooth height h is set to a value in the range of 2m < h < 2.5m (m denotes module). This range is decided 

5 such that a tooth profile analogous to that of a full depth tooth (h = 2.25m) is adopted to provide a tooth height of 1 
module or so on the tip side and that the meshing engagement portion between the pinion teeth 35 and the rack teeth 
36 has a transverse contact ratio of 1 or more thereby to suppress the occurrence of discontinuous contact. 
[0071] Subsequently, determination is made as to whether each of the tooth factors satisfies the predetermined ge- 
ometrical conditions or not (Step 5). The tooth factors are determined by sequentially combining the module m and the 

10 teeth number z calculated in Step 2 with each of the plural helix angles p and tooth heights h set in Step 3 and 4. Then, 
determination is made as to whether each of the tooth factors satisfies the predetermined strength conditions or not 
(Step 6). Subsequently, only tooth factors satisfying both of the above conditions are collected (Step 7). Next, determi- 
nation is made as to whether the setting of the pressure angle a and stroke ratio S has be done in respect of the overall 
range or not (Steps 8, 9). If not, the operation flow returns to Step 1 , where the pressure angle a and stroke ratio S are 

15 set again and the same procedure is repeated. 

[0072] One of the geometrical conditions based on which the determination is made in Step 5 is whether the pinion 
teeth 35 are meshingly engageable with the rack teeth 36 without interference or not. The other condition is whether the 
pinion tooth hasasufficientthickness at its tip or not. The former condition or the acceptability of the meshing engagement 
status is judged based on whether a trochoid interference clearance of 0.3 mm or more is ensured or not. The trochoid 

20 interference clearance is calculated based on the following equation, for example. 
[0073] 



Mathematical Equation 5 
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'A •*m/2cosJ} 
35 . S - cos{tan _1 (tana/cos^)} 

C -100 + 2: 

40 [0074] In the equation, X denotes the dislocation coefficient which is given by dividing the quantity of dislocation set 
with respect to the pinion tooth 35 by the module m. On the other hand, t denotes the trochoid interference clearance 
and is used as an index indicating whether a so-called trochoid interference occurs or not. The trochoid interference 
means a phenomenon wherein when the rack teeth 36 and the pinion teeth 35 are in the meshing engagement as shown 
in FIG. 7, the tips of the rack teeth 36 dislocated beyond a predetermined meshing engagement position behave to bore 

45 the roots of the pinion teeth 35. 

[0075] FIG. 9 is a diagram explanatory of the trochoid interference clearance t. In the figure, denotes the base 
circle of the pinion teeth 35, whereas P 2 denotes the tip circle of the pinion teeth 35. On the other hand, R., in the figure 
denotes the base circle of the rack teeth 36, whereas R 2 denotes the tip circle of the rack teeth 36. 
Furthermore, oc bs in the figure denotes the working pressure angle. The working pressure angle a bs at the meshing 

50 engagement portion between the rack teeth 36 and the pinion teeth 35 is equal to the pressure angle a of the rack teeth 
36 and of the pinion teeth 35. 

[0076] FIG. 9(a) illustrates a case where the diameters of the base circle and the tip circle P 2 of the pinion teeth 
35 have a great difference, whereas FIG. 9(b) illustrates a case where the above diameters have a small difference. 
The trochoid interference clearance t is defined as a distance between a point 'a' where a working line b intersects the 
55 base circle P 1 of the pinion teeth 35 and the tip circle R 2 of the rack teeth 36, the working line inclined at the working 
pressure angle a bs toward one side of an axis of the meshing engagement. 

[0077] Provided that the working pressure angle a bs is constant, the intersection 'a' of FIG. 9(a) is located inwardly 
of the tip circle R 2 of the rack teeth 36 (on the root side), whereas the intersection 'a' of FIG. 9(b) is located outwardly 
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of the tip circle R 2 of the rack teeth 36. The trochoid interference between the rack teeth 36 and the pinion teeth 35 
occurs in the state shown in FIG. 9(a). 

[0078] The trochoid interference t in the equation (1 1) is based on a geometrical positional relation between the rack 
teeth 36 and the pinion teeth 35 shown in FIG. 9, assuming a negative value in the state shown in FIG. 9(a) or assuming 
a positive value in the state shown in FIG. 9(b). In Step 5, the trochoid interferences t are sequentially determined by 
substituting the pressure angle a, the helix angle p, the module m and the teeth number z, as set in the aforementioned 
manner, in the equation (1 1 ). The clearance having a value of 0.3 mm or more is determined as the acceptable meshing 
engagement. The reason for defining a lower limit of the trochoid interferences t to be 0.3 mm is to eliminate the influence 
of the machining errors of the pinion teeth 35 and the rack teeth 36 and to eliminate the influence of stress produced in 
the pinion teeth 35 or the rack teeth 36 during the aforementioned operation. 

[0079] The latter condition or the acceptability of the tooth-tip thickness is defined for the purpose of preventing over 
heating during heat treatment following gear cutting. The acceptability is judged, for example, based on whether or not 
the pinion tooth 35 has a tooth-tip thickness (normal direction) s kn of not less than 0.3m (m denotes module), which 
value is used as a design threshold value of a power transmission gear. The tooth-tip thickness is calculated based on 
the following equation. 
[0080] 

Mathematical Equation 6 



s k =r k !^ + 4 * tana - 2(mva fa -fava,)j (12) 
Sht"S k cosfi k •♦* (13) 



[0081] In the equation, S k denotes the transverse tooth thickness of the pinion teeth 35, r k denotes the radius of the 
tip circle of the pinion teeth 35, and p k denotes the helix angle on the tip circle of the pinion teeth 35. Furthermore, a ks 
denotes the gear rotational angle equivalent to a tooth-tip position, and a s denotes the pressure angle of a reference 
pitch circle. These parameters are determined based on the following equations. 
[0082] 



Mathematical Equation 7 




[0083] In the equation, r g denotes the radius of the base circle of the pinion teeth 35. In Step 5, the tooth-tip thicknesses 
(normal direction) s kn of the pinion teeth 35 are sequentially determined by substituting the pressure angle a, the teeth 
number z and the helix angle p, as set in the aforementioned manner, in the equations (12), (13) and (14). The tooth- 
tip thickness of 0.3m or more is determined to be acceptable, as described above. The pinion teeth 35 tending to be 
decreased in the tooth-tip thickness may preferably be carburized and quenched. Furthermore, it is preferred to provide 
full topping on the tips of the pinion teeth 35 so as to eliminate acute angle portions and to suppress overheating during 
the heat treatment. 

[0084] On the other hand, one of the strength conditions as a judgment criterion in Step 6 is bending strength at the 
roots of the pinion teeth 35, whereas the other condition is fatigue strength at tooth flank. The bending strength at root 
is evaluated using the following equation (Lewis Equation) used for calculating a bending stress a B of spur gear. 
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Mathematical Equation 8 



F„h F cosco ... (15) 
s F 2 b 
6 

[0086] In the equation, F N denotes the flank normal load, which is given as a design requirement from the vehicle in 
which the rack-and-pinion type steering system is mounted. On the other hand, oo in the equation denotes the comple- 
mentary angle formed between a load line and an axis of a tooth profile; h F denotes the distance from an intersection 
of the load line and the axis of tooth profile to a critical section; and S F denotes the thickness of the critical section. In 
the case of spiral pinion teeth 35, these parameters are determined based on the following equations. 
[0087] 

Mathematical Equation 9 

\( mz + 2*o \ 2 * 1* +4*tana 0 . 
yymz cos a 0 J \ 2z 

, mz T cos a 0 . { ~ jv\] \h a - Po ~ mx 1 71 ^7^ 
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- ht)- 2 ! 4 ^^^] 0 "! ••• (18) 

[0088] In the equations, oc 0 denotes the pressure angle of a tool; p 0 denotes the tip radius of the tool; and h a denotes 

the addendum, whereas 6 is determined based on the following equation. 

[0089] 
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Mathematical Equation 10 
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[0090] On the other hand, Hertz's Elastic Contact Theory is applied to the fatigue strength of tooth flank, which is 
evaluated based on a flank contact stress o H . The flank contact stress is determined based on the following equations. 
[0091] 

Mathematical Equation 1 1 



Jo3S»* -pJZZE*) 00,2 (22) 
V \ z z )N b e s bd b sina bs 



[0092] In the equation, E denotes the vertical elastic modulus of a gear material; z 1 denotes the teeth number of a 
pinion; z 2 denotes the teeth number of a wheel; p g denotes the helix angle of a base cylinder; N b denotes the effectiveness 
of facewidth; e s denotes the transverse contact ratio; b denotes the facewidth perpendicular to the axis; and oc bs denotes 
the transverse working pressure angle. Furthermore, P n denotes the tangential load perpendicular to the gear; and d b 
denotes the diameter of working pitch circle of the pinion. These parameters are determined based on the following 
equations. 
[0093] 

Mathematical Equation 12 

F b =P n casP g cosa s ••• (23 ) 

d ^-^~- ( 24 ) 
cos/So 

[0094] In Step 6, the pinion teeth 35 having the pressure angle a, the teeth number z and the helix angle p set in the 
aforementioned manner is determined to satisfy the strength conditions if the bending stress a B calculated based on 
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the equation (15) and the flank contact stress o H calculated based on the equation (22) do not exceed an allowable 
stress of the material. 

[0095] According to the aforementioned procedure, the tooth factors of the pinion teeth 35 are decided which provide 
the favorable meshing engagement and exhibit the sufficient bending strength and fatigue strength under the conditions 
5 that the pressure angle a is in the range of 24° < a < 30° and the common stroke ratio S is in the range of 35 to 60 mm. 
The decided tooth factors are as follows: 

Module m: 1.8 < m < 2.0 
Teeth number z: 7 < z < 1 3 
10 Tooth Height h: 2m < h < 2.5m 

Helix angle p: p < 35° 

[0096] For example, in a case where the pressure angle a is set to 27° and where the helix angle p is set to 33° under 
the common design conditions including a stroke ratio of 40 mm/rev, optimum tooth factors of the pinion teeth 35 are a 

15 module m of 1 .8 mm and a teeth number z of seven, as shown in FIG. 7. 

[0097] Standard tooth factors of the pinion teeth 35 commonly adopted in the art under the aforementioned design 
conditions are a pressure angle a of 14.5°, a module m of 2.5, and a teeth number z of five. According to the tooth factors 
of the embodiment, the module is at a smaller value while the teeth number z is at a greater value. That is, the pinion 
of the embodiment is constituted to be formed with a larger number of smaller pinion teeth 35. 

20 [0098] The rack-and-pinion type steering system having such tooth factors of the pinion teeth 35 was subjected to a 
test for measuring a rotational torque (torque about the steering shaft) required for rotating the pinion shaft 31 with no 
load applied to the rack shaft 32. As shown in FIG. 10, the results indicate that the required rotational torque is on the 
order of 0.4 to 0.5 Nm. In contrast, the results of the same test conducted on the conventional rack-and-pinion type 
steering system having the aforementioned standard tooth factors indicate that the required rotational torque is 1 .2 Nm. 

25 [0099] This rotational torque corresponds to a torque (about the steering shaft) equivalent of meshing friction between 
the rack teeth 36 and the pinion teeth 35. Allowing that condition setting errors at the test are counted in, this rack-and- 
pinion type steering system is apparently capable of achieving a dramatic reduction of the meshing friction. Specifically, 
the system can reduce the friction to 0.6 Nm or less. A preferred upper limit of the torque (about the steering shaft) 
equivalent of the meshing friction between the rack teeth 36 and the pinion teeth 35 is 0.5 Nm. The reduction of friction 

30 leads to the increase of the torque transmissibility of the manual steering gear 3. On the other hand, a lower limit of the 
above rotational torque is preferably 0.3 Nm, or more preferably 0.4 Nm. 

[0100] Measurement data on the inverse input from the manual steering gear are shown in FIG. 11. The inverse input 
is on the order of 80N. 

[0101] As the result of reducing the friction of the manual steering gear, the reaction force from the road surface may 
35 be directly transmitted to the driver manipulating the steering wheel 1 . For instance, the steering system may provide 
an improved steering feeling while the vehicle is running at high speed on a Iow-ja road featuring a low road-surface 
reaction force. 

[0102] Although the adoption of the aforementioned tooth factors involves a fear that the pinion teeth 35 are decreased 
in strength at roots, the pinion teeth are increased in the facewidth at roots by adopting the great pressure angle a and 

^o are also increased in the transverse contact ratio by the increased teeth number z, so that the decrease of the strength 
is compensated for. Therefore, the pinion teeth do not suffer a significantly decreased strength at roots, as compared 
with the case where the standard tooth factors are adopted. It is confirmed in an endurance test that a sufficient durability 
is achieved by the electric power steering system wherein the operation force from the steering wheel 1 and the torque 
from the motor 9 are applied, as described above. 

45 [0103] It is preferred to adopt the following tooth-flank configuration modification in combination with the above tooth 
factors in order to compensate for the decreased strength at roots. FIG. 12 is a diagram explanatory of a preferred mode 
of modification of tooth-flank configuration. The figure depicts the flank of the pinion tooth 35 vertically and transversely 
divided in a mesh fashion. The flank is modified in a manner that a negative pressure angle error having a greater 
pressure angle at tip than a pressure angle at root is provided in the direction to increase the stress of meshing with the 

50 rack tooth 36, and that the flank is centrally protruded. Furthermore, the flank is provided with crowning in the tooth trace 
direction. 

[0104] Such a modification of the tooth-flank configuration is effective at uniformly distributing the contact stress on 
the flank of the pinion tooth 35 in the trace direction and the profile direction, whereby the wear of the flank is prevented 
to compensate for the insufficient strength at root. Thus, the pinion teeth may be improved in durability. With respect to 
55 the pinion tooth 35 having the aforementioned tooth factors, a proper quantity of crowning at flank center is 1 0jxm or so 
in maximum, whereas a proper quantity of the thickness error at tip is 20jxm or so in maximum. 
[0105] FIG. 13 is a graph showing the measurement results of wear quantity on the flank of the pinion tooth 35, the 
measurement taken after a predetermined endurance test so as to examine the effect of the modification of tooth-flank 
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configuration. In the graph, blank bars represent the results of the case where the aforementioned modification of tooth- 
flank configuration is provided, whereas hatched bars represent the results of the case where the aforementioned 
modification of tooth-flank configuration is not provided. The cross-hatched bars in the graph represent the results of 
the case where only the crowning in the trace direction is provided. 

5 [0106] Three sets of graph bars on the left-hand side show the distribution of the trace-ward wear quantities in the 
vicinity of the base circle. The bar sets individually represent the measurements taken in the vicinity of tooth-contact 
boundary on a distal-end side of the pinion shaft 31 , taken in the vicinity of a trace-ward center of the pinion shaft 31 , 
and taken in the vicinity of a tooth-contact boundary of a proximal-end side of the pinion shaft 31 , in this order from the 
left-hand side. The graph shows that in the case where only the trace-ward crowning is provided, the total wear quantity 

10 is substantially equal to that of the case where the modification of tooth-flank configuration is not provided but the wear 
quantities are uniformly distributed in the trace direction. Furthermore, the graph shows that the aforementioned modi- 
fication of tooth-flank configuration dramatically reduces the wear quantity in the overall length in the trace direction 
while maintaining the wear uniformalizing effect based on the crowning. 

[0107] Two sets of graph bars on the right-hand side show the distribution of the profile-ward wear quantities. A left- 
15 hand bar set represents the measurements taken in the vicinity of the tip, whereas the right-hand bar set represents the 
measurements taken at a central area with respect to the profile direction. These bar sets indicate thatthe aforementioned 
modification of tooth-flank configuration also dramatically reduces the wear quantity in the profile direction while main- 
taining the wear uniformalizing effect based on the crowning. 

[0108] According to the above description, the pressure angle error in the direction to increase the stress of meshing 
20 with the rack teeth 36 is implemented along the profile direction by providing the negative pressure angle error having 
the greater pressure angle at tip than the pressure angle at root. However, the increase of the meshing stress may also 
be achieved by providing a positive pressure angle error having a greater pressure angle at root than a pressure angle 
at tip. 

25 2.2. Reduction Gear Assembly 

2.2.1 . Consideration for Reduction Gear Assembly 

[0109] The conventional electric power steering systems are generally designed to transmit the rotational torque of 

30 the electric motor to the steering shaft by means of a worm gear. 

However, the worm gear has a relatively low transmissibility for rotational torque on the order of 60 to 80%. With the 
reduction ratio fixed, therefore, the worm gear requires an electric motor of a greater output torque for transmitting a 
predetermined rotational torque. This results in an increased size of the electric motor, so that the steering system as 
a whole cannot be downsized. To overcome this problem, a reduction gear assembly is devised wherein the output shaft 

35 of the electric motor is assembled in parallel relation with the steering shaft and a spur gear or a spiral gear having a 
relatively high transmissibility is used. 

[01 1 0] The use of the spur gear or spiral gear increases the transmissibility for rotational torque to about 95%, so that 
the output torque of the electric motor may be reduced accordingly. That is, the prevention of the size increase of the 
electric motor makes it possible to downsize the steering system as a whole. 

^o [0111] However, the problem that the steering system as a whole cannot be downsized is not still solved in a case 
where a reduction gear assembly employing the spur gear, for example, is used. In order for a reduction gear assembly 
of a one-stage constitution to attain a required reduction ratio, a pitch circle of a gear on a steering-shaft side must be 
increased. The one-stage constitution includes a gear assembled to the output shaft of the electric motor, and a gear 
assembled to the steering shaft and meshed with the former gear. 

45 [0112] On the other hand, in a case where a reduction gear assembly employing the spur gear has a multiple-stage 
constitution having an intermediate gear interposed between the motor side and the steering shaft side, instead of the 
one-stage constitution, for example, other problems are encountered although the whole body of the steering system 
may be downsized. The other problems are, for example, thatthe comfortable steering feeling is impaired by the increase 
of backlash and that the structure of the reduction gear assembly is complicated to increase costs. 

50 [0113] In order to solve the above problem, Prior Art 12 adopts the following constitution. That is, a reduction gear 
assembly including a pair of spur gears or spiral gears designed to have a high reduction ratio are accommodated in a 
housing while the electric motor is disposed in close proximity to the housing accommodating the steering shaft, whereby 
the whole body of the steering system that disposes with the electric motor and the reduction gear assembly is downsized. 
[01 1 4] The electric power steering system of Prior Art 1 2 ensures the flank strength by adopting a tooth profile based 

55 on some specific theory because the gears having a normal involute profile are incapable of ensuring an adequate 
strength. 

[0115] In actual fact, however, a gear structure having the tooth profile based on the specific theory taught by Prior 
Art 1 2 is quite difficult to manufacture. This raises a question whether or not it is possible to supply high-quality reduction 
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gear assemblies on a mass production basis. Because of the tooth profile based on the specific theory, the performance 
of the reduction gear assembly is particularly susceptible to the influence of gear alignment errors. Hence, the mass 
production process is required of high working precisions and high assembly precisions. Furthermore, many problems 
exist before the mass production process is actually carried out. The problems are, for example, that the existing man- 
5 ufacture plants are unable to process such gears, and that a method of examining the working precisions is not established. 
[0116] Even a reduction gear assembly employing a spur gear pair or helical gear pair may preferably adopt the 
following constitution in order to achieve the predetermined reduction ratio and to ensure the adequate gear strength 
based on a simple gear structure. 

[0117] That is, a preferred electric power steering system which is designed to transmit the rotational torque of the 

10 electric motor to the steering shaft by means of the driving gear assembled to the output shaft of the electric motor and 
the driven gear assembled to the steering shaft and which has a reduction ratio of 3 or more is characterized in that the 
steering shaft is disposed in substantially parallel to the output shaft of the electric motor, that an axis-to-axis distance 
between these shafts is 35 mm or more and 85 mm or less, and that the driving gear has a teeth number of 6 or more 
and 1 5 or less, a module of 0.8 or more and 1 .5 or less, a tooth height of not more than 2.6 times the module, a pressure 

15 angle of 20° or more and 30° or less, and a run-out angle of 0° or more and 40° or less. 

[01 1 8] Since a gear pair with the steering shaft and the output shaft of the electric motor disposed in parallel relation 
is used, the electric power steering system has a high transmissibility for the rotational torque and can achieve the size 
reduction as a whole. Furthermore, even if gears manufacturable by the normal manufacture process are used in place 
of the gears having the tooth profile based on some specific theory, the dimensions based on the aforementioned tooth 

20 factors permitthe gears to achieve optimum values of the trochoid clearance, the thickness attooth tip and the flank stress. 
[0119] It is further preferred that either one or both of the driving gear and the driven gear is an involute gear having 
a tooth profile formed in a manner to increase the pressure angle from the tooth tip toward the tooth root. By using the 
involute gear having the tooth profile so formed as to increase the pressure angle from the tooth tip toward the tooth 
root, the gear may be reduced in root stress under the maximum torque load. Thus is ensured the durability of the gear. 

25 [0120] It is further preferred that either one or both of the driving gear and the driven gear is an involute gear provided 
with crowning in the trace direction. The flank stress is reduced by using the involute gear provided with the trace-ward 
crowning. This ensures the durability of the gear even when the gear assembly is continuously operated under the rated 
load conditions. 

[0121] According to the above constitution employing a pair of gears with the steering shaft and the output shaft of 
30 the electric motor disposed in parallel relation, the electric power steering system may have a high transmissibility for 
the rotational torque and a compact layout as a whole. In addition, although the gears having the tooth profile based on 
the specific theory are not used, the dimensions based on the aforementioned tooth factors permit the gears to achieve 
optimum values of the trochoid clearance, the thickness at tooth tip and the flank stress. 

35 2.2.2. Preferred Mode of Reduction Gear Assembly 

[0122] As shown in FIG. 1 , the reduction gear assembly 8 includes spur gears or spiral gears including the main gear 
(driven gear) 81 assembled to the output shaft 24 of the steering wheel 2 and the pinion (driving gear) 82 assembled to 
the output shaft 91 of the electric motor 9. The use of the spur gears or spiral gears permits the electric motor 9 to be 

^o disposed in parallel with the steering shaft 2. However, physical limitations for layout reasons are posed on the physical 
dimensions of the electric motor 9 according to an axis-to-axis distance L between the steering shaft 2 and the output 
shaft 91 of the electric motor 9. Because of the limitations for layout reasons, for example, the maximum allowable 
physical dimensions of the electric motor 9 are a diameter of 73 mm and a height of 95 mm. Provided that the rated 
torque is 4 Nm and the axis-to-axis distance L is 55 mm, the reduction ratio in this case is set to 1 0 or so (9.7) in order 

45 to provide a rotational toque of 35 Nm or more as a steering assist torque about the steering shaft. Specifically, the 
reduction ratio may preferably on the order of 1 1 to 8, or more preferably on the order of 1 0 to 9. 
[0123] FIG. 14 is a graph showing a relation between the teeth number z of the pinion 82 and the module m of the 
pinion 82 in a case where the axis-to-axis distance L between the steering shaft 2 and the output shaft of the electric 
motor 9 is set to 55 mm; the reduction ratio is set to 1 0; and the helix angle (3 is set to 25°. While a diameter d (= ZXm) 

50 of a pitch circle of the pinion 82 is on the order of 8 to 1 0 mm, practicable ranges of the tooth factors are a teeth number 
z of 6 or more and 15 or less and a module m of 0.8 or more and 1 .5 or less such as to obviate a state where the teeth 
number is extremely great or small. 

[0124] Next, in consideration of manufacture errors of the gears and the quantity of elastic deformation of the gear 
teeth during a rated load operation, such a pressure angle a as to provide optimum values of the trochoid interference 
55 clearance and the thickness of tooth tip. FIG. 15 is a graph showing relations of the pressure angle a of the pinion 82 
with the trochoid interference clearance and with the thickness of tooth tip in a case where a teeth number z is 10; a 
module m is 0.95; and a tooth height h is 2.25 times the module m. In FIG. 15, the solid dots represent the trochoid 
interference clearance whereas the blank squares represent values given by dividing the thickness of tooth tip by the 
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module value. 

[01 25] Atrochoid interference clearance of 0.3 or more is requiredfor preventing the occurrence of trochoid interference. 

In a case where the pressure angle a is in the range of 20° or more and 35° or less which is the standard values specified 

by J IS (Japanese Industrial Standard), the trochoid interference clearance is 0.3 mm or more in a region where the 
5 pressure angle a is 23° or more, as shown in FIG. 1 5. Therefore, the trochoid interference does not occur. On the other 

hand, the tooth tip requires a thickness of 0.3 or more times the module m in order to ensure the adequate tip strength. 

As shown in FIG. 1 5, the pressure angle a must be 27° or less in order to provide the tip thickness of 0.3 or more times 

the module m. Incidentally, a practicable range of the helix angle p is 0° or more and 40° or less. 

[0126] In a case where a steel material is used for forming the pinion 82 and the main gear 81, a flank stress a H 
10 corresponding to a tangential load P n perpendicular to the teeth of the pinion 82, as caused by an assist rotational torque, 

may be approximately determined based on the following equation. 

[0127] 



Mathematical Equation 13 



[0128] In the equation (31), E denotes the vertical elastic modulus of the material of the gear (steel material according 
25 to the embodiment); e s denotes the transverse contact ratio of the gear; b denotes the facewidth of the pinion 82; d b 
denotes the diameter of a working pitch circle of the pinion 82; a b denotes the working pressure angle of the pinion 82; 
(3 g denotes the base-cylinder helix angle of the pinion 82; Z 1 denotes the teeth number of the pinion 82; Z 2 denotes the 
teeth number of the main gear 81 ; and N b denotes the effectiveness of the facewidth. 

[0129] FIG. 1 6 is a graph showing relations of the tooth height of the pinion 82 with the flank stress a s and with the 
30 thickness of tooth tip in a case where E is 206000 N/ mm 2 ; P n is 946 N; b is 14 mm; Z 1 is 10; Z 2 is 97; m is 0.95; a 
pressure angle a is 25°; a helix angle p is 25°; d b is 10.308 mm; oc b is 25.283°; p g is 22.521°; and N b is 0.995 in the 
equation (31). In FIG. 16, the solid dots represent the flank stress, whereas the blank squares represent values given 
by dividing the thickness of tooth tip by the module value. 

[0130] Where a target value of the flank stress o H is defined to be not more than a design threshold 1 760 N/ mm 2 of 
35 a gear of an automotive power transmission system and a target value of the thickness of tooth tip is defined to be 0.3 
or more times the module m, both of the above conditions may be simultaneously satisfied by defining the tooth height 
h to be 2.4 or less times the module m as indicated by FIG. 16. 

[0131] FIG. 17 is a diagram explanatory of a tooth-flank configuration of the reduction gear assembly 8 used in the 
electric power steering system according to the embodiment of the invention. In order to compensate for the decrease 

^o of strength at tooth root, either one or both of the main gear 81 and the pinion 82 is formed to have a tooth-flank 
configuration shown in FIG. 17. FIG. 17 depicts the flank of the pinion 82 vertically and transversely divided in a mesh 
fashion. The tooth flank is configured such that a negative pressure angle error is provided in the profile direction to 
provide a greater pressure angle at tip than a pressure angle at root, whereas the flank is protruded in a direction of the 
increase of meshing stress on the gears or is protruded at its center. Furthermore, crowning is provided in a tooth-trace 

45 direction whereas the flank is also centrally protruded in the trace direction 

[0132] By configuring such a tooth flank, the contact stress on the flank of the pinion 82 used in the reduction gear 
assembly 8 may be uniformly distributed in the profile direction and the trace direction. The pinion having such a tooth- 
flank configuration is adapted to compensate for the insufficient strength at root by preventing uneven wear of the flank, 
thus contributing to the improvement of durability of the gear assembly. 

50 [0133] While the reduction gear assembly 8 allows for the backlash in the light of durability, it is desirable to minimize 
the backlash because the backlash constitutes a non-linear dead time element as well as a causative factor of the rattling 
noises. In consideration of this regard and the working and assembly precisions, the backlash is allowed for although 
minimized. A notable reduction of friction is achieved by allowing for the backlash. 

The one-stage spiral reduction gear assembly 8 for the assist motor 9 was subjected to a test to take measurements 
55 on the torque about the steering shaft 2. FIG. 1 8 shows the results which indicate that a required rotational torque is on 
the order of 0.26 Nm. 

This rotational torque corresponds to a torque about the steering shaft equivalent of meshing friction between the pinion 
82 and the main gear 81 . Thus, the reduction gear assembly 8 is adapted to decrease the meshing friction. Specifically, 
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the assembly is capable of decreasing the meshing friction to 0.6 Nm or less. An upper limit of the torque about the 
steering shaft equivalent of the meshing friction between these gears 81 , 82 may preferably be 0.5 Nm, more preferably 
0.4 Nm, even more preferably 0.3 Nm, and particularly preferably 0.2 Nm. A lower limit of the above value may preferably 
be 0.1 N. 

The friction interposed between the reduction gear assembly 8 and the motor 9 may preferably be minimized in order 
to produce difference between a dragging feeling in the assist state and a dragging feeling in the non-assist state. The 
friction of the above values is small enough from the viewpoint of providing the favorable steering feeling. 
[0134] The above one-stage spiral reduction gear assembly 8 also ensures an efficiency of 90% or more, as shown 
in FIG. 1 9. Specifically, the reduction gear assembly achieves an efficiency of 97%. Because of the increased efficiency 
of the reduction gear assembly 8, the load on the motor is dramatically reduced. 

2.3. Consideration for Friction of Manual Steering Gear and Reduction Gear Assemblies 

[0135] The friction does not depend upon input frequency and acts as a constant resistance to both of the positive 
and inverse inputs, thus constituting a main causative factor to decrease the torque transmissibility. The decreased 
torque transmissibility is always perceived as the dragging feeling in terms of the steering feeling. On the other hand, 
the friction presents the filtering effect against the disturbances and hence, the friction may have some magnitude from 
the viewpoint of the filtering effect. However, if the friction is significantly great, even the necessary road information is 
cut off. 

With this in view, an upper limit of the sum of the friction of the manual steering gear 3 and that of the reduction gear 
assembly 8 may preferably be 1 Nm or less, more preferably 0.9 Nm, and even more preferably 0.8 Nm. A lower limit 
of the sum may preferably be 0.5 Nm, and more preferably 0.6 Nm. 

With such a small friction, the steering mechanism A as a whole may attain the followability suited to an electronic control 
system. 

3. Steering Assist Motor; Rotor Inertia 

[0136] The steering assist motor 9 is a three-phase brushless motor. Specifically, the steering assist motor is the 
brush-less motor containing therein a rotor having the north and south poles of permanent magnets arranged in a 
circumferential direction thereof. 

Elements reducing the torque transmissibility of the steering assist motor 9 include loss torque of the motor, cogging 
torque, rotor inertia and the like. The cogging torque means torque variations caused by structural reasons such as the 
number of poles or slots of the motor. 

These elements may preferably have small values such as to increase the torque transmissibility of the motor. Specifically, 
the loss torque may preferably be 0.35 Nm or less (converted to the torque about the steering shaft); the cogging torque 
may preferably be 0.1 2 Nm or less (converted to the torque about the steering shaft); and the rotor inertia may preferably 
be 0.012 kgm 2 or less (converted to the torque about the steering shaft). 

The loss torque and the cogging torque may also preferably be reduced to small values because these torques cause 
the decrease of the torque transmissibility of the motor 9. With this in view, an upper limit of the total sum (converted to 
the torque about the steering shaft) of the friction of the manual steering gear 3, the friction of the reduction gear assembly 
8, the loss torque of the motor 9 and the cogging torque of the motor may preferably be 1.35 Nm. A lower limit of the 
above total sum may preferably be 0.5 Nm and more preferably 0.6 Nm. The total sum may preferably be on the order 
of 1.2 Nm. 

[0137] The embodiment employs, as the motor 9, a 10-pole/12-slot motor having five pairs of SN poles (10 poles in 
total) and four pairs of stators (a total number of 12 slots for UVW-three-phases). FIG. 20 shows a characteristic curve 
(cogging torque curve) of the 1 0-pole/12-slot motor. The motor characteristic curve is related to torque about the output 
shaft of the motor. 

As shown in FIG. 20, the 1 0-pole/1 2-slot motor 9 has a loss torque of about 0.02 Nm (about the output shaft of the motor) 
and a cogging torque of about 0.008 Nm (about the output shaft of the motor). The waveform of FIG. 20 has a P-P (Peak- 
to-Peak) minimum value of 0.01 6 Nm and a P-P maximum value of 0.024 Nm. 

The loss torque and cogging torque about the output shaft of the motor may be converted into values about the steering 
shaft, as follows. Loss torque (equivalent of torque about the steering shaft) = 0.02 Nmxcolumn gear reduction ratio 9.7 
= 0.19 Nm. 

Cogging torque (equivalent of torque about the steering shaft) = 0.008 Nmxcolumn gear reduction ratio 9.7 = 0.08 Nm. 
That is, the converted values are less than the aforesaid upper limits of the loss torque and cogging torque, which limits 
are defined for the purpose of achieving the high torque transmissibility. 

It is determined that an 8-pole/1 2-slot motor, a 14-pole/1 2-slot motor, a 12-pole/1 8-slot motor, a 10-pole/15-slot motor 
and the like are also capable of limiting the loss torque to 0.35 Nm or less and the cogging torque to 0.12 Nm or less, 
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just as the 10-pole/12-slot motor. 

[0138] As described above, the embodiment negates the need for employing a high power motor or a reduction gear 
assembly of high reduction ratio because the elements responsible for the decrease of torque transmissibility are limited 
to small values, the elements exemplified by the friction of the manual steering gear, the friction of the reduction gear 
5 assembly, the loss torque of the motor, the cogging torque of the motor and the like. Thus, the embodiment is adapted 
to obtain the required assist torque even from the motor 9 providing a relatively small output and having a relatively 
small rotor inertia. 

With such a small rotor inertia, the mechanical system exhibits a low inertia and good followability, providing the good 
steering feeling with less inertia feeling. 
10 Since the motor 9 is disposed in parallel to the steering shaft 2 and oriented vertically downwardly, the motor 9 is subjected 
to a decreased inertial force about the steering shaft 2 while a difference between inertial forces on transversely opposite 
sides of the motor is decreased. 

4. Motor Drive Circuit (Drive Circuit) 

15 

4.1. Consideration for Motor Drive Circuit 

[0139] The electric power steering system employing the brushless motor is normally provided with switching means 
(typically exemplified by a relay) for electrically isolating a motor drive circuit from the motor, as needed, in the event of 

20 a failure of the motor drive circuit (hereinafter, also referred to as "drive circuit"). In this case, it is preferred to use the 
minimum possible number of switching means because of the limitations for cost and space reasons. Therefore, the 
system uses the minimum number of switching means required for cutting off the current supplied from the motor drive 
circuit to the motor. For instance, an electric power steering system employing a three-phase brushless motor uses two 
relays as the switching means for cutting off two phase currents of the three phase currents supplied from the drive 

25 circuit to the motor. 

[0140] In the above constitution wherein the number of relays used as the switching means is minimized, some of the 
phase-current paths between the brushless motor and the drive circuit may include the relay while the other does not 
include the relay. Therefore, a motor/drive circuit system including the brushless motor and the drive circuit includes 
different resistance components of the individual phase currents. In the electric power steering system having such a 

30 circuit configuration, the motor/drive circuit system as the transmission element has gain and phase varying from one 
phase current to another, the motor/drive circuit system receiving a phase voltage to be applied to the brushless motor 
(command value) and outputting a phase current actually flowing through the motor. As a result, the amplitude and 
phase of the current through the brushless motor varies from one phase to another, even though an equal voltage based 
on control is applied to the individual phases of the brushless motor. Such differences among the phases of the motor 

35 current cause torque ripple in the brushless motor, such that the driver manipulating the steering wheel may have the 
uncomfortable feeling while the torque transmissibility is decreased. 

[01 41 ] The following constitution is preferred for suppressing the torque ripple caused by the different gains and phases 
of the individual phase currents of the motor/drive circuit system. 

That is, a preferred electric power steering system operating to apply a steering assist force to a vehicular steering 
^o mechanism by driving a brushless motor based on a target value decided according to a vehicle steering operation, the 
system comprises: control calculation means for calculating a command value of voltage to be applied to the brushless 
motor based on the target value; a drive circuit for driving the brushless motor based on the command value; and 
resistance adjusting means for adjusting resistance components of a motor/drive circuit system including the brushless 
motor and the drive circuit in a manner that inter-phase differences of the resistance components of the motor/drive 
45 circuit system are decreased to below a predetermined value (inclusive). 

The above constitution reduces the inter-phase differences of the resistance components of the motor/drive circuit system 
to below the predetermined value (inclusive), so that the motor/drive circuit system has substantially equalized gains at 
the respective phases and substantially equalized phases. As a result, substantially the same phase currentf lows through 
any one of the phases of the brushless motor when the same phase voltage is applied to the motor. Thus is ensured 
50 that the brushless motor is decreased in the torque ripple whereby the driver manipulating the steering wheel may not 
have the uncomfortable feeling. In addition, the torque transmissibility is also increased. 

[0142] It is preferred that the electric power steering system further comprises switching means (such as a relay 
element) interposed in at least one of the current supply paths provided in correspondence to the respective phases of 
the brushless motor for supplying the current from the drive circuit to the brushless motor, and that the resistance 
55 adjusting means includes a resistance having a resistance value corresponding to a resistance value of the switching 
means in closed state and interposed in a current supply path without the switching means, in order that the inter-phase 
differences of resistance values of the current supply paths are decreased to below a predetermined value (inclusive). 
In this case, the inter-phase differences of the resistance values of the current supply paths for supplying the current 
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from the drive circuit to the brushless motor are decreased to below the predetermined value (inclusive) and hence, the 
inter-phase differences of the resistance components of the motor/drive circuit system are eliminated or decreased. 
Therefore, the motor/drive circuit system has the substantially equalized gains at the respective phases, and the sub- 
stantially equalized phases. Thus, the system reduces the torque ripple in the brushless motor, thereby preventing the 

5 driver from having the uncomfortable feeling during the vehicle steering operation. 

[01 43] It is also preferred that the drive circuit has a constitution wherein as many switching device pairs as the phases 
of the brushless motor are interconnected in parallel, the switching device pair including a Hi-side switching device 
disposed on a source side and a Lo-side switching device disposed on a ground side and connected in series with the 
Hi-side switching device, and wherein a contact point between the Hi-side switching device and the Lo-side switching 

10 device is connected to the brushless motor via the current supply path, and that the resistance adjusting means includes 
a resistance for adjusting a resistance value of a Hi-side current supply path and/or a Lo-side current supply path in a 
manner that inter-phase differences of the Hi-side current supply paths from the power source to the Hi-side switching 
devises and/or inter-phase differences of the Lo-side current supply paths from the power source to the Lo-side switching 
devices are decreased to below a predetermined value (inclusive). 

15 In this case, the inter-phase differences of the resistance values of the Hi-side currentsupply paths and/or of the resistance 
values of the Lo-side current supply paths are decreased to below the predetermined value (inclusive), so that the inter- 
phase differences of the resistance components of the motor/drive circuit system are decreased or eliminated. Thus, 
the motor/drive circuit system has substantially equalized gains at the respective phases and substantially equalized 
phases, whereby the brushless motor may be decreased in the torque ripple. 

20 [0144] It is preferred that the resistance adjusting means further includes a bus bar for wirings of the current supply 
paths and/or for wiring in the drive circuit, the bus bar having its sectional area and/or length adjusted in a manner to 
decrease the inter-phase differences of the resistance components of the motor/drive circuit system to below the pre- 
determined value (inclusive). 

In this case, the bus bar for wiring has its sectional area and/or length defined properly, so that the inter-phase differences 
25 of the resistance components of the motor/drive circuitsystem are decreased to belowthe predetermined value (inclusive). 
This negates the need for adding a resistor or the like for inter-phase resistance adjustment. Therefore, the motor/drive 
circuit system may have the inter-phase gain differences and the phase differences eliminated or decreased, while 
avoiding cost increase. 

30 4.2. Fundamental Consideration for Prior-Art Motor Drive Circuit 

[0145] FIG. 23 is a block diagram showing an arrangement of a current control system of the electric power steering 
system. The current control system receives an input of a target value of current to be applied to the motor 9 and outputs 
the currentto the motor 9. The current control system performs a proportional-plus-integral control calculation (hereinafter, 

35 referred to as "PI control calculation") on a difference between the target current value and the value of current flowing 
through the motor 9 and then, applies a voltage decided by the calculation to the motor 9. In a case where the brushless 
motor is used, the motor may be regarded as a first-order lag element per phase, which is dependent upon per-phase 
inductance L and resistance R. A transfer function of the first-order lag element may be expressed as K/(L-S+R) where 
K denotes the constant. In actual fact, however, there also exist external resistance such as of the wirings of the motor, 

^o of the wirings of the drive circuit and the like. Provided that the drive circuit and the motor are regarded as a single 
element of the motor/drive circuit system in consideration of this fact, a transfer function Gm(s) is represented by the 
following equation: 



Gm(s) = Km/(L-s+R+R') ... (41), 

where Km denotes the constant, and R' denotes the external resistance including those of the wirings of the motor, the 
drive circuit and the like. 

[0146] The motor/drive circuitsystem has characteristic values L, R, R' which decides the above transfer function Gm 
(s). Of these, inter-phase differences of the inductance L and of the internal resistance R are substantially negligible. 
However, in a case where the relay as the switching means is interposed, as described above, the relay is not normally 
interposed in every one of the phases so that the external resistance R' produce inter-phase differences. In addition, 
partly because it is difficult to equalize the lengths of bus bars used for wirings between the switching devices, such as 
power MOS transistors, and the sources or between the switching devices and the ground points in the drive circuit, the 
above external resistance R' may have inter-phase differences. Therefore, the conventional electric power steering 
system employing the brushless motor encounters the inter-phase gain differences and the phase differences of the 
motor/drive circuit system as the transmission element as a result of the inter-phase differences of the external resistance 
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R\ 

[0147] It is confirmed from the measurements of frequency characteristics of the motor/drive circuit system that such 

differences produce significant inter-phase differences of the responsivity of the motor/drive circuit system. 

Thus, FIG. 25 is a Bode diagram showing two examples of measurements taken on the frequency characteristics of the 

5 motor/drive circuit system of the electric power steering system employing the brushless motor. In FIG. 25, characteristic 
curves represented by the solid lines show a gain characteristic and a phase characteristic as the results of the first 
measurement example. That is, the solid lines represent line-to-line frequency characteristic of the motor/drive circuit 
system in a case where a line-to-line inductance L of the motor is 162 [jxH], a line-to-line internal resistance R is 53 
[m£2], and a line-to-line external resistance R' is 6 [m£2]. The external resistance R' (=6 [mO]) of this measurement 

10 example includes a contact resistance (=2x1 .5 [mO]) which is a resistance of the above two relays in the ON state. In 
contrast, characteristic curves represented by the broken lines in FIG. 25 shows a gain characteristic and a phase 
characteristic as the results of the second measurement example. That is, the broken lines represent line-to-line frequency 
characteristic of the motor/drive circuit system in a case where a line-to-line inductance L of the motor is 162 [jaH], a 
line-to-line internal resistance R is 53 [m£2], and a line-to-line external resistance R' is 4.5 [m£2]. A subject of the meas- 

15 urement example is a line which does not include one relay (switching means). Hence, the external resistance R' (= 4.5 
[imQ]) of this measurement example does not include a contact resistance of the above one relay (the other measurement 
conditions are the same as those of the first measurement example). As seen from the Bode diagram (gain characteristic 
and phase characteristic) showing the measurement results of the first and the second measurement examples, a 
significant difference of the responsivity (amplitude and phase of the phase current) of the motor/drive circuit system 

20 occurs between the phase with the relay interposed and the phase without the relay. 

[0148] According to the embodiment, therefore, the electric power steering system employing the brushless motor 
adopts the following constitution to eliminate the inter-phase gain differences and the phase differences of the motor/ 
drive circuit system. That is, the electric power steering system includes the resistance adjusting means wherein the 
motor/drive circuit system is provided with a suitable resistance interposed in a current path corresponding to the phase 

25 without the relay, such as to eliminate or decrease the inter-phase differences of the resistance components of the motor/ 
drive circuit system. 

4.3. General Constitution of Control Unit Including Drive Circuit (Drive Circuit) 

30 [0149] FIG. 21 shows a control unit (ECU) 105 including a motor drive circuit (motor driver circuit) 150. The steering 
system includes, as components associated with the control unit 1 05, the electric motor (brushless motor) 9 for steering 
assist; a position sensor 112 such as a resolverfor detecting a rotational position of the rotor of the motor 9; the torque 
sensor (vehicle-steering detector) 7; and a vehicle speed sensor 104. The control unit 105 drivably controls the motor 
9 based on sensor signals from the sensors 112, 7, and 1 04. 

35 The torque sensor 7 detects a steering torque applied by manipulating the steering wheel and outputs a steering torque 
signal Ts indicative of the steering torque. On the other hand, the vehicle speed sensor 1 04 detects a vehicle speed as 
a running speed of the vehicle and outputs a vehicle speed signal Vs indicative of the vehicle speed. The ECU 1 05 as 
the control unit drives the motor 9 based on these steering torque signal Ts and vehicle speed signal Vs and the rotational 
position of the rotor detected by the position sensor 112. 

^o The ECU 1 05 is supplied with current from an on-board battery 1 80 by means of an ignition switch and includes a motor 
controller 1 20, a motor driver 1 30, a relay drive circuit 1 70 and two current detectors 181,1 82. The motor controller 1 20 
is control calculation means constituted by a microcomputer and operates by executing a predetermined program stored 
in an internal memory thereof. The motor driver 1 30 includes a PWM signal generating circuit 1 40 and a drive circuit 1 50. 
The motor driver 130 is disposed in the vicinity of the motor 9 and is electrically connected to the motor 9 by means of 

45 the minimum required length of wire for minimizing electrical resistance. A single case accommodates the motor driver 
1 30 along with the drive circuits and interface circuits of the torque sensor 7, the vehicle speed sensor 1 04, the current 
detector 1 81 and the motor position sensor (motor rotational angle sensor) 1 1 2, and the motor controller (microcomputer 
and the like) 120. The case is disposed in the vicinity of the motor 9. 

[0150] The motor drive circuit 150 includes: FETs (Field Effect Transistor) 151 H, 152H, 153H as power switching 
50 devices disposed on a power-line side and in correspondence to a U-phase, a V-phase and a W-phase of the motor 9, 
respectively; and FETs 1 51 L, 1 52L, 1 53L as power switching device disposed on a ground-line side and in correspond- 
ence to the U-phase, the V-phase and the W-phase of the motor 9, respectively. The power-line side FET (hereinafter, 
referred to as "Hi-side FET") 15jl_ and the ground-line side FET (hereinafter, referred to as "Lo-side FET") 15jH corre- 
sponding to the same phase are interconnected in series to form a pair (j= 1, 2, 3). A power-line side circuit portion 
55 including the FETs 151 H to 153H are generally called an "upper arm", whereas a ground-line side circuit portion including 
the FETs 1 51 L to 1 53L are generally called a "lower arm". Individual contact points Nu, Nv, Nw between the upper arm 
and the lower arm are connected to terminals 9u, 9v, 9w of the respective phases of the motor by means of power lead 
lines (specifically, constituted by the bas bars), thus constituting the current supply paths of the respective phases for 
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supplying a driving current from the drive circuit 150 to the motor 9. A relay 191 is interposed in a current supply path 
(hereinafter, referred to as "u-phase current supply path") constituted by a lead wire interconnecting the contact point 
Nu corresponding to the u-phase and the motor terminal 9u, whereas a relay 1 92 is interposed in a current supply path 
(hereinafter, referred to as "V-phase current supply path") constituted by a lead wire interconnecting the contact point 

5 Nv corresponding to the V-phase and the motor terminal 9v. Furthermore, the drive circuit 150 also has a relay 190 
interposed between a contact point (a power-side branching point to be described hereinafter) where source terminals 
of the Hi-side FETs 151 H to 1 53H are interconnected and the battery 1 80. In contrast, no relay is interposed in a current 
supply path (hereinafter, referred to as "W-phase current supply path") constituted by a lead wire interconnecting the 
contact point Nw corresponding to the W-phase and the motor terminal 9w. 

10 [0151] Out of the two current detectors 181 , 1 82, one current detector 1 81 detects a u-phase current iu flowing through 
the lead wire (the u-phase current supply path) interconnecting the contact point Nu of the drive circuit 1 50 and a motor 
terminal 161. The other current detector 182 detects a v-phase current iv flowing through the lead wire (the V-phase 
current supply path) interconnecting the contact point Nv of the drive circuit 150 and the motor terminal 9v. Current 
values detected by these current detectors 181, 182 are inputted to the motor controller 120 as a u-phase current 

15 detection value lu and a v-phase current detection value Iv, respectively. 

[0152] The motor controller 120 receives the steering torque detected by the torque sensor 7, the vehicle speed 
detected by the vehicle speed sensor 104, and the u-phase and v-phase current detection values iu, iv detected by the 
current detectors 181, 182. The motor controller 120 decides the target value of current to be applied to the motor 9 
based on the steering torque and the vehicle speed and by referring to a table which is called an assist map and correlates 

20 the steering torque with the target current value. Then, the motor controller performs a proportional-plus-integral calcu- 
lation based on a difference between the target current value and each of the motor current values calculated from the 
above motor current detection values iu, iv, thereby determining respective command values of phase voltages V*u, 
V*v, V*w to be applied to the motor 9. 

[0153] In the calculation of the individual command values of phase-voltages V*u, V*v, V*wto be applied to the motor, 
25 voltages and currents as a three-phase alternating current involved in the motor drive are normally expressed based on 
a rotating orthogonal coordinate system (referred to as "d-q coordinates") consisting of a d-axis representing a direction 
of magnetic flux from a magnetic field of the rotor of the motor, and a q-axis which is orthogonal to the d-axis and which 
has a phase advanced from the d-axis by n/2. Such d-q coordinates permit the current to be applied to the motor to be 
handled as a direct current consisting of a d-axis component and a q-axis component. In this case, the d-axis component 
30 and the q-axis component of the motor current value are calculated from the above u-phase and v-phase current detection 
values iu, iv based on a coordinate conversion. Subsequently, a d-axis voltage command value is calculated by performing 
a proportional-plus-integral calculation based on a difference between a d-axis component of the above target current 
value and the d-axis component of the motor current value, whereas a q-axis voltage command value is calculated by 
performing a proportional-plus-integral calculation based on a difference between a q-axis component of the above 
35 target current value and the q-axis component of the motor current value. The respective command values of the above 
phase-voltages V*u, V*v, V*w are calculated from these d-axis and q-axis voltage command values based on the 
coordinate conversion. 

[0154] The motor controller 120 not only calculates the aforesaid command values of phase-voltages V*u, V*v, V*w 
but also outputs a relay control signal based on a result of a predetermined failure detection process, the signal used 

40 for controlling a relay drive circuit 70. 

[0155] In the motor driver 130, the PWM signal generating circuit 140 receives the respective command values of the 
phase-voltages V*u, V*v, V*wfrom the motor controller 120 and generates PWM signals varying in duty ratio according 
to the command values V*u, V*v, V*w. As described above, the drive circuit 150 is a PWM voltage inverter constituted 
using the Hi-side FETs 1 51 H to 1 53H and the Lo-side FETs 1 51 L to 1 53L. The drive circuit provides ON/OFF control 

45 of these FETs 151 H to 153H and FETs 151 L to 153L based on the PWM signal, so as to generate the individual phase- 
voltages Vu, Vv, Vw to be applied to the motor 9. These phase-voltages Vu, Vv, Vw are outputted from the ECU 1 05 to 
be applied to the motor 9. According to the applied voltages, currents flow through u-phase, v-phase and w-phase field 
coils (not shown) of the motor 9, respectively, so that the motor 9 generates a steering assist torque (motor torque) 
according to the currents. 

50 [01 56] The relay drive circuit 1 70 operates based on the relay control signal outputted from the motor controller 1 20. 
The relay drive circuit 170 maintains the relays 190, 191, 192 in a closed state until the circuit receives from the motor 
controller 1 20 a signal indicative of the detection of a failure, so as to continue power supply to the motor driver 1 30 and 
the motor 9. When a failure is detected by the failure detection process of the motor controller 1 20, the relay drive circuit 
170 receives from the motor controller 120 the signal indicative of the detection of the failure. In response to this, the 

55 relay drive circuit 1 70 switches the relays 1 90, 191, 1 92 to an open state, so as to cut off the power supply to the motor 
driver 130 and the motor 9. 



27 



EP 1 767 436 A1 

4.4. Constitution of Principal Part of Motor/Drive Circuit System. 



[0157] The electric power steering system according to the embodiment has the following constitution such that the 
inter-phase differences (among the u-, v-, w-phases) of the resistance components of the motor/drive circuit system 
5 including the drive circuit 150, the brushless motor 9, the lead wires interconnecting these components, and the like 
may be eliminated or decreased. In this embodiment, as well, the transfer function Gm(s) of the motor/drive circuit system 
may be represented by the following equation in respect of each phase (FIG. 23). 



w Gm(s) = Km/(L's+R+R') ... (42), 

where Km denotes the constant, and R' denotes the external resistance including wiring resistances of the motor 9, the 
drive circuit 150, the lead wires forming the current supply paths of the individual phases, and the like. 
[0158] As described above, the relay 191 is interposed in the u-phase current supply path interconnecting the contact 
15 point Nu in the drive circuit 150 and the motor terminal 9u, whereas the relay 192 is interposed in the v-phase current 
supply path interconnecting the contact point Nv in the drive circuit 150 and the motor terminal 9v. However, no relay is 
interposed in the w-phase current supply path interconnecting the contact point Nw in the drive circuit 1 50 and the motor 
terminal 9w. 

According to the embodiment, therefore, a resistance element Ra is interposed in the w-phase current supply path, as 
20 shown in FIG. 21. The resistance element Ra has a resistance value substantially equal to a resistance value of the 
relay 191 or 192 in ON state. 

[0159] By inserting such a resistance element Ra, the inter-phase differences (u-, v-, w-phases) of the resistance 
components constituting the external resistance R' and involved in the electrical connection between the drive circuit 
1 50 and the motor 9 or of the resistance values of the current supply paths for current supply from the drive circuit 1 50 

25 to the motor 9 are decreased or eliminated. Specifically, a resistor equivalent to the resistance element Ra may be 
inserted in the w-phase current supply path including no relay. Alternatively, the insertion of the above resistance element 
Ra may also be implemented by properly defining the sectional area (width or thickness) and/or the length of the bas 
bar constituting the lead wire of the w-phase current supply path, as will be described hereinafter. 
[0160] The embodiment also provides adjustment of the resistance of the wirings in the drive circuit 150 in order to 

30 eliminate the inter-phase differences of the external resistance R'. In a case where a three-phase voltage inverter shown 
in FIG. 22 (a) is used as the drive circuit 150, it is difficult to equalize the lengths of the individual phase wires between 
the power source and the FETs 151 H to 153H as the Hi-side switching devices, or the lengths of the individual phase 
wires between the ground point and the FETs 151 Lto 153L as the Lo-side switching devices. According to the embod- 
iment, therefore, a bus bar 1 55H included in the current supply paths from the battery 8 as the power source to the Hi- 

35 side FETs 151H to 153H and extending from a junction point (hereinafter, referred to as "power-side branching point") 
NH toward the respective Hi-side FETs 1 51 H to 1 53H has a configuration shown in FIG. 22(b). Specifically, a width W1 
of a bus bar 155H portion extending from the power-side branching point NH to a source terminal of the Hi-side FET 
1 51 H, a width W2 of a bus bar 1 55H portion extending from the power-side branching point NH to a source terminal of 
the Hi-side FET 152H, and a width W3 of a bus bar 155H portion extending from the power-side branching point NH to 

40 a source terminal of the Hi-side FET 153H are defined such that the individual bus bar portions extending from the 
power-side branching point NH to the three source terminals of the Hi-side FETs 1 51 H to 1 53H may have substantially 
equal resistance values (normally, W1 = W3 > W2). On the other hand, a bus bar 155L included in the current supply 
paths from the ground oint to the Lo-side FETs 1 51 L to 153L and extending from a junction point (hereinafter, referred 
to as "ground-side branching point") NL toward the respective Lo-side FETs 151 Lto 153L has a configuration shown in 

45 FIG. 22(c). Specifically, a width W4 of a bus bar 155L portion extending from the ground-side branching point NL to a 
source terminal of the Lo-side FET 151 L, a width W5 of a bus bar 155L portion extending from the ground-side branching 
point NL to a source terminal of the Lo-side FET 152L, and a width W6 of a bus bar 155L portion extending from the 
ground-side branching point NL to a source terminal of the Lo-side FET 153L are defined such that the individual bus- 
bar portions extending from the ground-side branching point NLto the three source terminals of the Lo-side FETs 151 L 

50 to 153L may have substantially equal resistance values (normally, W4 = W6 > W5). 

[01 61 ] The inter-phase differences (u-, v-, w-phases) of the resistance components constituting the external resistance 
R' and involved in the wirings in the drive circuit 1 50 are decreased or eliminated by making the aforementioned definition 
(adjustment) of the widths W1 to W6 of the bus bar forming the wirings in the drive circuit 150. The inter-phase differences 
of the internal resistance R of the motor 9 are substantially negligible. Hence, the inter-phase differences of the resistance 

55 components of the internal resistance R and the external resistance R' of the motor/drive circuit system may be decreased 
to below a predetermined value (inclusive) (preferably to 10% or less, or more preferably to 5% or less) by making the 
aforementioned inter-phase adjustment of the external resistance R'. 
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[0162] In general, it is not easy to change the thickness or length of the bus bar. Therefore, the embodiment opts to 
accomplish the inter-phase adjustment of the wiring resistances by properly defining the widths W1 to W3, W4 to W6 
of the bus bars 1 55H, 1 55L. However, it is also possible to accomplish the inter-phase adjustment of the wiring resistances 
by adjusting the width and/or the thickness (or the sectional area) and/or the length of the bus bars 155H, 155L, thereby 
5 to decrease or eliminate the inter-phase differences of the resistance components in the drive circuit 150. 

4.5. Action and Effect of Drive Circuit of the Embodiment 

[0163] According to the embodiment as described above, the inter-phase differences of the resistance values of the 

10 current supply paths for current supply from the drive circuit 150 to the motor 9 and of the wiring resistance values in 
the drive circuit are eliminated or decreased. Thus, the inter-phase differences of the external resistance FT of the motor/ 
drive circuit system are eliminated or decreased. Since the inter-phase differences of the internal resistance R and of 
the inductance L of the motor 9 are substantially negligible, the inter-phase differences of the resistance components 
in the motor/drive circuit system may be eliminated or decreased. In addition, the individual gains of the individual phases 

15 and the individual phases of the motor/drive circuit system may be substantially equalized. Therefore, when the same 
phase voltage is applied to each of the u-, v- and w-phases, substantially the same current flows through the motor 9. 
As a result, the torque ripple in the motor 9 may be decreased. In the conventional electric power steering system, for 
example, the variation of the motor torque against the motor electrical angle assumes a waveform represented by a 
characteristic curve C1 (the thinner curve) in FIG. 24. According to the embodiment, on the other hand, the variation of 

20 the motor torque against the motor electrical angle assumes a waveform represented by a characteristic curve C2 (the 
thicker curve) in FIG. 24. It is apparent that the embodiment achieves a notable reduction of the torque ripple. In the 
illustrated steering system outputting the motor torque represented by the characteristic curve C2 shown in FIG. 24, the 
inter-phase differences of the resistance components of the motor/drive circuit system are decreased to 1% or less. 
That is, the embodiment is adapted to reduce the torque ripple of the motor, thereby preventing the driver from having 

25 the uncomfortable feeling during the vehicle steering operation. 

[0164] Furthermore, the embodiment negates the need for adding a resistor and the like for providing the inter-phase 
adjustment of resistances because the resistance components of the motor/drive circuit system are adjusted by properly 
defining the widths or the like of the bus bar used for the wiring purpose. Thus, the inter-phase gain differences and the 
phase differences of the motor/drive circuit system are decreased or eliminated without entailing the cost increase. 

30 

4.6. Modifications of Drive Circuit 

[0165] In order to decrease or eliminate the inter-phase differences of the resistance components of the motor/drive 
circuit system, the above embodiment is constituted such that out of the current supply paths for current supply from 

35 the drive circuit 1 50 to the motor 9, the current supply path without a relay has the resistance element Ra for adjustment 
interposed therein (FIG. 21) and that the configurations of the bus bars forming the wirings in the drive circuit 150 are 
adjusted (FIG. 22). Alternatively, the embodiment may also be constituted to employ either one of these two resistance 
adjusting means for providing the inter-phase adjustment of the resistance components of the motor/drive circuit system. 
In a case where the relays are interposed in all the current supply paths extending from the drive circuit 1 50 to the motor 

^o g, for example, only the inter-phase adjustment of the wiring resistances in the drive circuit 1 50 (for example, the proper 
definition of the width of the bus bars) may well serve the purpose. Furthermore, the steering system may also be 
constituted to employ any other resistance adjusting means than the above two resistance adjusting means so long as 
the alternative means serves to decrease or eliminate the inter-phase differences of the resistance components of the 
motor/drive circuit system. 

45 [0166] While the above embodiment employes the three-phase brushless motor 9 as a drive source of the electric 
power steering system, the number of phases of the brushless motor is not limited to three. The invention is also applicable 
to an electric power steering system employing a brushless motor having four or more phases. 

5. Linearity of Steering Feeling 

50 

5.1. Torque Pulsation Compensation 

5.1.1. Consideration for Torque Pulsation of Motor 9 

55 [0167] The electric motor may encounter a problem that the output torque thereof suffers ripples (pulsations). The 
ripples are classified broadly into: cogging torque (mechanical ripple) resulting from motor constitution including the 
number of rotor poles, the number of slots for stator coils and the like; and electrical ripple resulting from a distorted 
waveform of induced electromotive force with respect to an idealistic waveform. Such torque ripples contained in the 
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motor output constitute one causative factor of degrading the steering feeling provided by the steering system. This 
leads to a strong demand for suppressing the torque ripples in the steering system. 

In this connection, some conventional systems are adapted to reduce the torque ripples by changing the configuration 
of the slot at its portion opposing rotor magnets or adjusting a skew angle (Prior Art 8). 

[0168] The three-phase brushless motor generally used as the electric motor of the electric power steering system 
may encounter the following problem. That is, the motor may provide an output torque containing the torque ripple 
(electrical ripple) caused by high-order components of current generated by the rotation of a distorted magnetic field. 
This results in the degraded steering feeling. 

Therefore, the following constitution may preferably be adopted in order to suppress the torque ripple caused by the 
high-order current components and to improve the steering feeling in linearity. 

[0169] That is, a preferred electric power steering system operating to decide a target current value of an electric 
motor according to an operation of a steering member and to provide steering assist by applying the motor power to a 
steering mechanism, the system comprises: torque-ripple compensation deciding means which uses rotational position 
information on the electric motor and the decided target current value to decide a high-order-component compensation 
value for canceling torque ripple caused by predetermined high-order components of a current flowing through the motor; 
correcting means for correcting the decided target current value by using the compensation value supplied from the 
torque-ripple compensation deciding means; and feedback control means for providing feedback control of the electric 
motor based on the target current value corrected by the correcting means. 

[0170] In the electric power steering system having the above constitution, the torque-ripple compensation deciding 
means uses the rotational position information on the electric motor and the target current value decided according to 
the operation of the steering member, thereby estimating torque ripple caused by the predetermined high-order com- 
ponents of the current of the target current value when the target current is supplied to the motor. Then, the deciding 
means decides the high-order-component compensation value for canceling the estimated torque ripple. On the other 
hand, the feedback control means provides the feedback control of the electric motor based on the target current value 
which is corrected by the correcting means based on the compensation value supplied from the torque-ripple compen- 
sation deciding means. When the control means permits the supply of the current of the corrected target current value, 
therefore, the current removed of the predetermined high-order components is supplied to the motor so that the torque 
ripple associated with the high-order components may be suppressed. 

[0171] It is preferred in the above electric power steering system that the torque-ripple compensation deciding means 

varies the high-order-component compensation value according to the decided target current value. 

In this case, the above compensation value is varied according to a motor load. Even when the motor load is varied, the 

feedback control means may control the electric motor by using the target current value corrected with a more proper 

compensation value. Hence, the degradation of the steering feeling is more assuredly prevented. 

[0172] In the above electric power steering system, the torque-ripple compensation deciding means may include: a 

high-order-current distortion compensating portion for deciding the high-order-component compensation value; and a 

magnetic field distortion compensating portion which uses the rotational position information on the electric motor and 

the decided target current value to decide a magnetic-field-distortion compensation value for suppressing torque ripple 

caused by a distorted magnetic field formed in the motor. 

In this case, the target current value is corrected by using not only the high-order-component compensation value decided 
by the high-order-current distortion compensating portion but also the magnetic-field-distortion compensation value 
decided by the magnetic field distortion compensating portion. When the feedback control means applies the current of 
the target current value, not only the torque ripple caused by the high-order components but also the torque ripple caused 
by the distorted magnetic field formed in the electric motor may be suppressed. Thus, the steering feeling may be 
prevented from being degraded by these ripples. 

[0173] It is preferred that the above electric power steering system further comprises: a current control system including 
the electric motor and the feedback control means; rotational-speed detecting means for detecting a rotational speed 
of the electric motor based on the rotational position information; and gain compensation calculating means for deter- 
mining a gain compensation value for compensating for gain decrease dependant upon a frequency characteristic of 
the current control system, the compensation value determined based on the rotational speed of the electric motor 
supplied from the rotational-speed detecting means, and is characterized in that the correcting means corrects the 
decided target current value by using the compensation value supplied from the torque-ripple compensation deciding 
means and the gain compensation value supplied from the gain compensation calculating means. 
In this case, the feedback control means provides the feedback control of the electric motor based on the target current 
value corrected with the compensation value supplied from the torque-ripple compensation deciding means and the 
gain compensation value supplied from the gain compensation calculating means. Hence, the control means is capable 
of compensating for the decreased gain of the current through the motor according to the frequency characteristic of 
the current control system. The current gain is decreased more as the rotational speed of the motor is increased. Thus, 
the control means may prevent the steering feeling from being degraded in conjunction with the gain decrease. 
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[0174] Furthermore, the above electric power steering system may further comprise phase compensation calculating 
means for determining a phase compensation value for compensating for phase delay dependant upon the frequency 
characteristic of the current control system, the phase compensation value determined based on the rotational speed 
of the electric motor supplied from the rotational-speed detecting means, and is characterized in that the correcting 
means corrects the decided target current value by using the compensation value supplied from the torque-ripple com- 
pensation deciding means, the gain compensation value supplied from the gain compensation calculating means and 
the phase compensation value supplied from the phase compensation calculating means. 

In this case, the feedback control means provides the feedback control of the electric motor based on the target current 
value corrected with the compensation value supplied from the torque-ripple compensation deciding means, the gain 
compensation value supplied from the gain compensation calculating means and the phase compensation value supplied 
from the phase compensation calculating means. Hence, the control means is capable of compensating for the phase 
delay of the current through the motor according to the frequency characteristic of the current control system. The current 
phase is more delayed relative to induced voltage as the rotational speed of the motor is increased. Thus, the steering 
system may prevent the steering feeling from being degraded in conjunction with the phase delay. 

5.1.2. Constitution of Electric Motor and Overview of Drive Control thereof 

[0175] Referring to FIG. 26, the electric motor 9 is constituted by a three-phase star-wired brushless motor of sinusoidal 
drive system, which includes a rotor having, for example, a permanent magnet and U-phase, V-phase and W-phase 
field coils (stator windings). 

In order for the motor 9 to generate a required steering assist force, the respective phase field coils are supplied with 
the respective phase currents of individual target values. That is, individual current command values i*u, i*v and i*w for 
the respective phase field coils are represented by the following equations (41) to (43), provided that I* denotes the 
maximum value (amplitude) of the supply current. 

i*u = TxsinGre (41) 



i*v = I*x S in(9re-27t/3) ... (42) 



i*w = rxsin(9re-47t/3) = -i*u-i*v ... (43), 

where 0re denotes the rotational angle (electrical angle) of the permanent magnet (rotor) in positive rotation in clockwise 
direction with respect to, for example, the U-phase filed coil, as shown in the figure. This electrical angle constitutes 
information indicating a rotational position of the rotor and is expressed as Gre=(p/2)xGm, where 0m denotes the me- 
chanical angle indicating the actual rotational angle of the rotor, and p denotes the number of poles of the rotor. Hereinafter, 
the term "angle" means the electrical angle unless otherwise stated. 

[01 76] The electric motor 9 is subjected to the feedbackcontrol provided by a feedback controller 400 which is described 
hereinafter and is included in the aforesaid ECU 105. This feedback control uses the d-q coordinates. Specifically, the 
d-q coordinates define the direction of magnetic flux from the permanent magnet as the d-axis, and a direction perpen- 
dicular to the d-axis as the q-axis. The d-q coordinates constitute a rotating coordinate system which rotates in synchro- 
nism with the rotation of the above magnet (revolving magnetic field). When deciding a command value of voltage applied 
to the electric motor 9, the ECU 105 first converts the respective current command values i*u, fv, fw of the phase field 
coils, as represented by the above equations (41) to (43), to a d-axis current command value fd and a q-axis current 
command value i*q which are represented by the following equations (44) and (45), respectively. Then, the ECU decides 
the above command value of application voltage based on the current command values f d and i*q so converted in terms 
of the d-q coordinates. By converting the respective current command values i*u, i*v, f w on three-phase-AC coordinates 
(rest frame) to the current command values i*d and fq on the d-q coordinates in this manner, the ECU 105 is capable 
of controlling the supply current based on the AC-current quantity even when the motor 5 is rotated. Thus, the ECU 1 05 
may provide a high-accuracy drive control of the motor 9 as reducing the phase delay and such, thereby facilitating the 
generation of the required steering assist force. 
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i*d = 0 ... (44), 

5 

i\ = -V(3/2)xI* ... (45). 

[0177] The respective quantities of current actually flowing through the U-phase, V-phase and W-phase field coils of 
10 the electric motor 9 are determined as follows. The current detectors 181, 1 82 detect a U -phase current detection value 
iu and a V -phase current detection value iv. These detection values iu and iv are substituted in the following equations 
(46) and (47) for obtaining a d-axis current detection value id and a q-axis current detection value iq, which represent 
values converted based on the d-q coordinates. As will be specifically described hereinafter, the ECU 1 05 provides the 
feedback control based on the above d-axis current command value f d and q-axis current command value f q, and the 
15 d-axis current detection value id and q-axis current detection value iq. 

id = V2{ivx s in9re -iuxsin(8re-27i/3)} ... (46) 

20 

iq = V2{ivx C os0re -iuxcos(0re-27i/3)} ... (47): 

25 5.1.3. Constitution and Operation of ECU 

[0178] FIG. 27 is a block diagram showing an example of a specific arrangement of the ECU 105. As shown in the 
figure, the ECU 105 includes various functions such as the phase compensating portion 213 which receives the torque 
signal Ts from the torque sensor 7. 
30 A section enclosed by the broken line in FIG. 27 constitutes the feedback controller 400 for providing the feedback 
control of the electric motor 9. The motor position sensor 1 1 2 and a rotor-angle-position detector 235 constitute rotational- 
position information acquiring means for acquiring the rotational position information (electrical angle) of the electric 
motor 9. 

[0179] A microcomputer constituting the motor controller 120 of the ECU is provided with a plurality of function blocks 

35 which perform predetermined computations required for the motor control by executing programs previously stored in 
a nonvolatile memory (not shown) incorporated in the microcomputer. As shown in FIG. 27, the microcomputer includes: 
a target current-value calculator 21 4; a rotational direction specifying portion 215; a convergence correcting portion 21 6; 
an adder 21 7; a magnetic field distortion compensating portion 21 8; a high-order-current distortion compensating portion 
21 9; a rotor angular-speed calculator 220; adders 221 , 222; subtracters 223, 224; a d-axis current PI controller 225; a 

40 q-axis current PI controller 226; a d-q/three-phase-AC coordinates converter 227; a sign inversion adder 228; a three- 
phase-AC/d-q coordinates converter 229 and a sinusoidal ROM table 230. Thus, the microcomputer constitutes the 
motor controller which decides a required steering assist force based on the input signals such as the vehicle speed 
signal Vs from the vehicle speed sensor 1 04 and then, applies an output signal (command) corresponding to the decided 
steering assist force to the motor driver. 

45 The motor controller 120 is provided with a torque-ripple compensation deciding portion 301 which includes the above 
magnetic field distortion compensating portion 218 and high-order-current distortion compensating portion 219. A cal- 
culation result given by the compensation deciding portion 301 is reflected in the command signal inputted to the motor 
driver, whereby the torque ripple caused by a distorted magnetic field formed in the electric motor 9 and the torque ripple 
caused by the high-order components of the current through the motor 9 are reduced, as will be specifically described 

50 hereinafter. Furthermore, the rotor angular-speed calculator 220 constitutes the rotational-speed detecting means for 
detecting a rotational speed of the electric motor 9 based on the rotational position information supplied from the above 
rotational-position information acquiring means. 

[0180] When the torque sensor 7 applies the torque detection signal Ts to the ECU 105 constituted as described 
above, the phase compensator 21 3 compensates for the phase of the input torque detection signal Ts and outputs the 
55 resultant signal to the target current-value calculator 21 4. The ECU 1 05 also receives the vehicle speed signal Vs, which 
is outputted from the vehicle speed sensor 104 in a predetermined sampling cycle. The input vehicle speed signal Vs 
is applied to the target current-value calculator 21 4 and the convergence correcting portion 216. When a sensor signal 
Sr from the position sensor 1 1 2 is inputted to the rotor angular-position detector 235 of the ECU 1 05, the rotor angular- 
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position detector 235 detects a rotational position of the permanent magnet (rotor) of the electric motor 9, orthe aforesaid 
electrical angle 6re, based on the input sensor signal Sr. Then, the rotor angular-position detector 235 outputs an angle 
signal indicative of the detected electrical angle ere to the magnetic field distortion compensating portion 21 8, the high- 
order-current distortion compensating portion 21 9, the rotor angular-speed calculator 220 and the sinusoidal ROM table 
5 230. 

[0181] The target current-value calculator 214 decides a target current value It based on the phase compensated 
torque detection signal Ts and the vehicle speed signal vs, the target current value indicating a value of current to be 
supplied to the electric motor 5. More specifically, the calculator 214 previously stores a table called an assist map, 
which correlates the torque as determined at the steering shaft 2, the aforesaid target current value It for generating the 

10 required steering assist force according to the torque, and the vehicle speed. The calculator 214 refers the individual 
values of the torque detection signal Ts and the vehicle speed signal Vs, as input parameters, to the above table, thereby 
acquiring the target current value It, which is outputted to the rotational direction specifying portion 215 and the adder 21 7. 
The target current value It is equivalent to the q-axis current command value i*q represented by the aforesaid equation 
(45) and has a sign indicating a direction of the assist force based on the motor power. That is, the sign of the target 

15 current value It specifies the rotational direction of the motor rotor. For instance, a positive sign or a negative sign directs 
the electric motor 9 to be so rotated as to assist a rightward steering or a leftward steering of the steering member 1 . 
[0182] The rotational direction specifying portion 215 determines on the rotational direction of the rotor based on the 
sign of the target current value It inputted from the target current-value calculator 214 and then, generates a direction 
signal Sdir indicating the rotational direction of the rotor. The resultant signal is outputted to the convergence correcting 

20 portion 21 6. The convergence correcting portion 21 6 receives the vehicle speed signal Vs, the direction signal Sdir and 
a rotor angular speed core which is calculated by the rotor angular-speed calculator 220 based on the electrical angle 
6re inputted from the rotor angular-position detector235. The correcting portion 21 6 performs a predetermined calculation 
using these input signals, so as to determine a compensation current value ic for ensuring a convergence performance 
of the vehicle. The adder 217 adds the compensation current value ic to the target current value It and outputs the 

25 resultant sum as a q-axis fundamental-current command value f qO. 

The above q-axis fundamental-current command value fqO represents a fundamental command value (target current 
value) of the supply current corresponding to a motor load (which is, a torque to be generated by the electric motor 9) 
for generating the required steering assist force. This command value is applied to the magnetic field distortion com- 
pensating portion 218 and high-order-current distortion compensating portion 219 of the torque-ripple compensation 

30 decision portion 301 at a time. Furthermore, this command value is also outputted to the adder 222 which adds this 
command value so as to reflect the calculation results obtained by the magnetic field distortion compensating portion 
218 and high-order-current distortion compensating portion 219. 

On the other hand, a d-axis directed current is not involved in the torque and hence, a d-axis fundamental-current 
command value fdO representing a fundamental command value of d-axis current has a value "0". Thus, the command 

35 value is set as i*d0=0 and inputted in the adder 221 . 

[01 83] The magneticfield distortion compensating portion 21 8 uses the electrical angle ere as the information indicating 
the rotational position of the electric motor 9 and supplied from the rotor angular-position detector 235 and the q-axis 
fundamental-current command value fqO supplied from the adder 217, thereby deciding a magnetic- field-distortion 
compensation value for suppressing the torque ripple caused by the distorted magnetic field formed in the motor 9. 

^o Specifically, when a current of a value specified by the q-axis fundamental-current command value i*q0 is supplied to 
the individual phase field coils of the electric motor 9, the field distortion compensating portion 21 8 estimates the torque 
ripple appearing in the motor output torque due to distorted waveforms of induced electromotive forces in the individual 
phase field coils (the distorted magnetic field in the motor 9) relative to the idealistic waveform. Then, the distortion 
compensating portion calculates a current compensation value for each of the d-axis current and the q-axis current, 

45 such as to change the q-axis fundamental-current command value fqO to reduce the estimated torque ripple. Thus, the 
distortion compensating portion decides d-axis current compensation value Aid1 and q-axis current compensation value 
Aiq1 (the details of which will be described hereinafter). The magneticfield distortion compensating portion 218 outputs 
the resultant d-axis current compensation value Aid1 and q-axis current compensation value Aiq1 for magnetic field 
distortion compensation to the corresponding adders 221 and 222. 

50 The d-axis current compensation value Aid1 and q-axis current compensation value Aiq1 outputted from the magnetic 
field distortion compensating portion 21 8 are so corrected as to minimize the gain decrease and the phase delay which 
depend upon the frequency characteristics of the current control system including the electric motor 9, as will be described 
hereinafter. 

[0184] The high-order-current distortion compensating portion 21 9 uses the aforesaid electrical angle ere and q-axis 
55 fundamental-current command value f qO so as to decide a high-order-component compensation value for canceling 
the torque ripple caused by the high-order components of the current flowing through the motor 9. Specifically, the high- 
order-current distortion compensating portion 219 estimates the torque ripple caused by certain high-order components 
of the current flowing through the individual phase field coils when the current of the value specified by the q-axis 
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fundamental-current command value f qO is supplied to the individual phase field coils of the electric motor 9. Then, the 
distortion compensating portion calculates a current compensation value for each of the d-axis current and the q-axis 
current, such as to change the q-axis fundamental-current command value f qO to cancel the estimated torque ripple. 
Thus, the distortion compensating portion decides d-axis current compensation value Aid2 and q-axis current compen- 
5 sation value Aiq2 (the details of which will be described hereinafter). The high-order-current distortion compensating 
portion 219 outputs the resultant d-axis current compensation value Aid2 and q-axis current compensation value Aiq2 
for high-order component compensation to the corresponding adders 221 and 222. 

The d-axis current compensation value Aid2 and q-axis current compensation value Aiq2 outputted from the high-order- 
current distortion compensating portion 21 9 are so corrected as to minimize the gain decrease and phase delay which 
10 depend upon the frequency characteristics of the current control system including the electric motor 9, as will be described 
hereinafter. 

[0185] The above adders 221 and 222 each constitute correcting means which corrects the target current value of 
each corresponding d-axis current or q-axis current based on each corresponding d-axis current or q-axis current com- 
pensation value supplied from the torque-ripple compensation deciding portion 301, the target current value decided 

15 according to the operation of the steering member 1 . 

Specifically, the adder 221 calculates a sum of the d-axis fundamental-current command value i*d0 set therein, the d- 
axis current compensation value Aid1 for magnetic field distortion compensation suppliedfrom the magneticfield distortion 
compensating portion 21 8 and the d-axis current compensation value Aid2 for high-order current compensation supplied 
from the high-order-current distortion compensating portion 219 as represented by the following equation (48), thereby 

20 determining the d-axis current command value f d reflecting the calculation result supplied from the torque-ripple com- 
pensation deciding portion 301. Then, the adder 221 outputs the resultant d-axis current command value fd to the 
subtracter 223 of the feedback controller 400. 

On the other hand, the adder 222 calculates a sum of the q-axis fundamental-current command value f qO supplied from 
the adder 21 7, the q-axis current compensation value Aiq1 for magnetic field distortion compensation supplied from the 
25 magnetic field distortion compensating portion 21 8 and the q-axis current compensation value Aiq2 for high-order current 
compensation supplied from the high-order-current distortion compensating portion 21 9 as represented by the following 
equation (49), thereby determining the q-axis current command value f q reflecting the calculation result supplied from 
the torque-ripple compensation deciding portion 301 . Then, the adder 222 outputs the resultant q-axis current command 
value i*q to the subtracter 224 of the feedback controller 400. 

30 

i*d = i*dO+Aidl+Aid2 ... (48) 



i*q = i*qO+Aiql+Aiq2 ... (49). 

[0186] In addition to the d-axis current command value fd suppliedfrom the adder 221 , the subtracter 223 also receives 
the d-axis current detection value id from the three-phase-AC/d-q coordinates converter 229, the detection value obtained 
by converting the current actually supplied to the electric motor 9 into the d-axis current. Likewise, in addition to the q- 
axis current command value i*q supplied from the adder 222, the subtracter 224 also receives the q-axis current detection 
value iq from the three-phase-AC/d-q coordinates converter 229, the detection value obtained by converting the current 
actually supplied to the electric motor 9 into the q-axis current. 

More specifically, the V-phase current detection value iv and U-phase current detection value iu obtained by the respective 
V-phase current detector 182 and U-phase current detector 181 are inputted to the three-phase-AC/d-q coordinates 
converter 229 via a detected current-value correcting portion 250 (the details of which will be described hereinafter). 
Furthermore, the converter 229 also receives a sin-value of the electrical angle ere from the sinusoidal ROM table 230, 
the electrical angle ere determined when the above detection current is allowed to flow. The sinusoidal ROM table 230 
stores the angle e and the sin-value of the angle e as correlating these parameters with each other. At receipt of the 
electrical angle ere from the rotor angular-position detector 235, therefore, the ROM table immediately outputs the sin- 
value thereof to the d-q/three-phase-AC coordinates converter 227 and the three-phase-AC/d-q coordinates converter 
229. 

Using the U -phase current detection value iu, the V-phase current detection value iv and the sin-value so inputted and 
the aforementioned equations (46) and (47), the three-phase-AC/d-q coordinates converter 229 calculates the aforesaid 
d-axis current detection value id (= V2{ivxsinere-iuxsin(ere-2jc/3)} and the q-axis current detection value iq (= a/2 
{ivxcosere -iuxcos(ere-2jc/3)} and then, outputs the calculation results to the respectively corresponding subtracters 
223, 224. 

[0187] The subtracter 223 subtracts the input d-axis current detection value id from the d-axis current command value 
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f d, so as to determine a d-axis current deviation ed (= i*d-id) which is a difference between these input values. Likewise, 
the subtracter 224 subtracts the input q-axis current detection value iq from the q-axis current command value i*q, so 
as to determine a q-axis current deviation eq (= i*q-iq) which is a difference between these input values. These subtracters 
223, 224 output the resultant d-axis current deviation ed and q-axis current deviation eq to the d-axis current PI controller 
5 225 and the q-axis current PI controller 226, respectively. 

The d-axis current PI controller 225 and q-axis current PI controller 226 substitute the d-axis current deviation ed and 
q-axis current deviation eq, supplied from the respectively corresponding subtracters 223, 224, in the following equations 
(50) and (51 ), respectively, thereby calculating respective d-axis voltage command value v*d and q-axis voltage command 
value v*q. Then, the controllers output the calculation results to the d-q/three-phase-AC coordinates converter 227. 

10 

v*d = K P {ed+(l/Ti)J(ed)dt} ... (50) 



v\j = K P {eq+(l/Ti)J(eq)dt} ... (51), 



where Kp and Ti denote the proportional gain and the integration time, respectively. These values are previously set in 
the d-axis current PI controller 225 and q-axis current PI controller 226 according to motor characteristics and the like. 
[0188] Inputted to the d-q/three-phase-AC coordinates converter 227 are a decoupled d-axis voltage command value 
v*d from the d-axis current PI controller 225, a decoupled q-axis voltage command value v*q from the q-axis current PI 
controller 226 and the sin-value from the sinusoidal ROM table 230. This converter 27 uses the following equations (52) 
and (53) for converting the above d-axis voltage command value v*d and q-axis voltage command value v*q, as application 
voltage command values on the d-q coordinates, to U -phase voltage command value v*u and V-phase voltage command 
value v*v, as application voltage command values on the three-phase-AC coordinates. Then, the converter outputs the 
converted values to the above three-phase PWM signal generating circuit 140 (three-phase PWM modulator circuit). 
The output values from this converter 227 are also inputted to the sign inversion adder 228. The sign inversion adder 
228 uses the following equation (54) for determining a W-phase voltage command value v*w from the above U -phase 
voltage command value v*u and V-phase voltage command value vV Then, the adder outputs the resultant value to 
the three-phase PWM signal generating circuit 140. 



v*u = V(2/3){v*dxcos0re-v*qxsin9re} ... (52) 
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v\ =V(2/3){v*dxcos(0re-27c/3)-v*qx s in(ere-27c/3)}... (53) 



v*w = -v*u-v*v ... (54). 

[0189] The three-phase PWM signal generating circuit 140 generates PWM signals Su, Sv and Sw which individually 
have duty ratios corresponding to the respective U - phase voltage command value v*u, V-phase voltage command 
value v*v and W-phase voltage command value v*w and then, outputs the resultant signals to the motor drive circuit 1 50. 
The motor drive circuit 150 includes a PWM voltage inverter possessing a bridge circuit employing power switching 
devices such as MOSFETs. The circuit turns ON/OFF the individual switching devices according to the above PWM 
signals Su, Sv and Sw, thereby applying the voltage from the battery 180 to the respective U-phase, V-phase and W- 
phase field coils (FIG. 26) of the electric motor 9. Thus, the current flows through the individual phase field coils of the 
electric motor 9 so that the motor 9 generates a torque Tm according to the current. The torque, as the steering assist 
force, is applied to the aforesaid steering mechanism. When the electric motor 9 is driven in this manner, the feedback 
controller 400 provides the feedback control of the motor 9 such as to equalize the above d-axis current detection value 
id and q-axis current detection value iq to the d-axis current command value i*d and q-axis current command value i*q. 
Thus is provided the steering assist based on the required steering assist force. 

5.1.4. Constitution and Frequency Characteristics of Current Control System 

[0190] According to the embodiment, as shown in FIG. 27, the above feedback controller 400, the electric motor 9 as 
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the control subject thereof and the motor position sensor 1 12 constitute the current control system having a feedback 
loop. This current control system has the frequency characteristics defined by impedances of the coils disposed in the 
motor 9, and the like. The current control system has a d-axis current feedback loop which receives the d-axis current 
command value i*d and outputs the d-axis current detection value id, and a q-axis current feedback loop which receives 
the q-axis current command value i*q and outputs the q-axis current detection value iq. In a case where these loops are 
both closed loops, the system has a transfer function represented by a Bode diagram shown in FIG. 30, for example. 
Thus, in this current control system, as indicated by the solid line in FIG. 30, the gain is decreased from 1 (dB=0) as the 
frequency is increased in a practical frequency range. On the other hand, the phase delay is increased as the frequency 
is increased, as indicated by the broken line in the figure. The following approach is taken to reduce the influences of 
such frequency characteristics of the current control system. The data represented by the solid line and broken line in 
FIG. 30 are tabulated as a frequency characteristic map to be described hereinafter, which is stored in the magnetic 
field distortion compensating portion 218 and the high-order-current distortion compensating portion 219 of the torque- 
ripple compensation deciding portion 301 .The compensation values outputted from the respective compensating portions 
are so corrected as to minimize the gain decrease and the phase delay dependant upon the frequency characteristics 
of the system. 

5.1.5. Constitution and Operations of Magnetic Field Distortion Compensating Portion 

[0191] FIG. 28 is a block diagram showing a specific example of an arrangement of the magnetic field distortion 
compensating portion shown in FIG. 27. As shown in the figure, the magnetic field distortion compensating portion 21 8 
is provided with function blocks which include a frequency calculator 236, a gain/phase deciding portion 237, a subtracter 
238, a magnetic- field-distortion compensation-value deciding portion 239, an amplitude deciding portion 240, acorrection 
ratio calculator 241 and multipliers 242, 243. The microcomputer executes the programs thereby causing the individual 
blocks to perform predetermined computations. The above frequency calculator 236, gain/phase deciding portion 237 
and correction ratio calculator 241 constitute gain compensation calculating means which uses the rotational speed of 
the electric motor 9 (FIG. 27) fordetermining again compensation valueforcompensatingforthe gain decrease dependant 
upon the frequency characteristic of the current control system. Furthermore, the frequency calculator 236 and the gain/ 
phase deciding portion 237 also serve as phase compensation calculating means which uses the rotational speed of 
the motor 9 for determining a phase compensation value for compensating for the phase delay dependant upon the 
frequency characteristic of the current control system. 

[01 92] Specifically, the frequency calculator 236 receives from the rotor angular-speed calculator 220 the rotor angular 
speed core which is the rotational angular speed equivalent of the electrical angle of the electric motor 9. The frequency 
calculator236 substitutes the input rotor angularspeed core in thefollowing equation (55), thereby determining afrequency 
f of the torque ripple caused by the magnetic field distortion appearing in the motor output. The frequency f is also a 
fundamental frequency of the torque ripple caused by the distorted high-order current components. 

F = Sxcore/(27i) ... (55), 
where S represents the number of slots in the electric motor 5. 

[0193] The above gain/phase deciding portion 237 stores a frequency characteristic map 237a corresponding to the 
frequency characteristics of the current control system represented by the Bode diagram (FIG. 30) (that is, the data 
indicating the relations of the frequency with the gain and the phase as indicated by the solid line and broken line in FIG. 
30). When receiving the frequency f from the frequency calculator 236, the gain/phase deciding portion 237 refers to 
the frequency characteristic map 237a to determine a gain G and a phase difference AGe of the current control system 
in correspondence to the input frequency f . The deciding portion 237 outputs the respective values to the correction ratio 
calculator 241 and the subtracter 238. In the current control system, as described above, with the increase of the 
frequency (namely, the increase of the rotor angular speed core or the rotational speed of the electric motor 9), the gain 
is decreased from 1 while the phase delay is increased. 

[0194] The subtracter 238 receives the electrical angle Gre from the rotor angular-position detector 235 (FIG. 27) and 
the phase difference AGe, as the phase compensation value, from the gain/phase deciding portion 237, so as to subtract 
the phase difference AGe from the electrical angle Gre. The subtracter 238 outputs a corrected electrical angle Gmre (= 
Gre-AGe), as the subtraction result, to the magnetic-field-distortion compensation-value deciding portion 239. In this 
manner, the subtracter 238 corrects the detected electrical angle Gre with the phase difference AGe, thereby compensating 
for the phase delay dependant upon the frequency characteristic of the current control system. 

[0195] The magnetic-field-distortion compensation-value deciding portion 239 stores a magnetic field distortion com- 
pensation map 239a which tabulates relations of the above electrical angle with the respective values of field-distortion- 



36 



EP 1 767 436 A1 



compensation components of the d-axis current and q-axis current. The magnetic- compensation-value deciding portion 
239 refers to the magnetic field distortion compensation map 239a thereby determining a d-axis-current unit compensation 
value Aid1 0 for magnetic field distortion compensation and a q-axis-current unit compensation value Aiq1 0 for magnetic 
field distortion compensation, which values correspond to the corrected electrical angle Gmre inputted thereto. 
[0196] A detailed description is made as below on a method of preparing the magnetic field distortion compensation 
map 239a. If sinusoidal currents iu, iv, iw are supplied to the respective phase field coils in a case where a distorted 
magnetic field is formed in the electric motor 9 under no-load operation or where the induced electromotive force under 
no-load has a distorted waveform relative to the idealistic waveform, the motor output sustains the torque ripple caused 
by the distorted magnetic field. If instantaneous values eOu, eOv, eOw of the no-load induced electromotive force as 
determined at the respective phase field coils are known, it is possible to decide current values iOu, iOv, iOw of the 
respective phase field coils such as to provide a constant output torque from the motor 5 (e.g., 1 [Nm]) and to obviate 
the torque ripple resulting from the distorted magnetic field. Provided that the output torque is at a fixed value T, for 
example, such currents iOu iOv iOw of the individual phase field coils may be calculated based on the following equations 
(56), (57) and (58), respectively: 

iOu= {(e0u-e0v)+(e0u-e0w)}xT/{(e0u-e0v) 2 +(e0u-e0w) 2 +(e0u-e0v) 2 } ... (56) 



iOv= {T-(e0u-e0w)xiu}/(e0v-e0w) ... (57) 



iOw= {T-(e0u-e0v)xiu}/(e0w-e0v) ... (58). 

The currents iOu iOv iOw of the respective phase field coils, as calculated based on the above equations (56) to (58), 
may be converted to respective values on the d-q coordinates by using the following equations (59) and (60) having the 
electrical angle 9 as a variable. Thus are obtained a d-axis current value iOd and a q-axis current value iOq, which may 
provide a constant value T of the output torque, as obviating the torque ripple resulting from the distorted magnetic field: 

iOd = V2{i0vxsin9-i0ux s in(e-27i/3)} ... (59) 



iOq = V2{i0vxcosG-i0ux C os(e-27t/3)} ... (60). 

[01 97] Since it is possible to calculate the d-axis current value iOd and the q-axis current value iOq, as described above, 
the magnetic field distortion compensation map 239a may be prepared as follows. 

First, as shown in FIG. 31, experimental data on the no-load induced electromotive forces (induced voltages) at the 
respective phase field coils of the electric motor 9 are acquired by taking measurements on the instantaneous values 
eOu, eOv, eOw thereof at each of the varied electrical angles of the motor 9. A d-axis current value i0d1 and a q-axis 
current value iOq 1 are determined by using the experimental data and the above equations (56) to (60), the values 
required for permitting the motor 9 to output a unit torque (1 [Nm]) without inducing the torque ripple from the distorted 
magnetic field formed therein. Further determined are a d-axis current value i0d2 and a q-axis current value i0q2 required 
for permitting the motor 9 to output the above unit torque in a case where the no-load induced electromotive force has 
a distortion-free waveform (in this case, the d-axis current value i0d2 and q-axis current value i0q2 are easily determined 
by applying the respective experimental data items to the predetermined calculations because the output torque is 
proportional to the q-axis current, whereas the d-axis current may be set to "0"). A difference between the d-axis current 
value i0d1 and the d-axis current value i0d2 is determined for each value of the electrical angle, thereby obtaining the 
aforesaid d-axis-current unit compensation value Aid10 (= i0d1-i0d2). On the other hand, a difference between the q- 
axis current value iOql and the q-axis current value i0q2 is determined for each value of the electrical angle, thereby 
obtaining the aforesaid q-axis-current unit compensation value Aiq10 (= i0q1-i0q2). Then, the electrical angles may be 
correlated with the d-axis current unit compensation values Aid1 0 and with the q-axis-current unit compensation values 
Aiq10. As shown in FIG. 32, for example, there may be obtained each current waveform showing the electrical angle 
and the value of the_magnetic-field-distortion compensating current component converted to the d-axis current compo- 
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nent or the q-axis current component corresponding to the electrical angle. The magnetic-field-distortion compensating 
current component is a current component which is capable of suppressing the distortion of the magnetic field. A table 
correlating these data items may be obtained as the magnetic field distortion compensation map 239a. 
[0198] The magnetic-field-distortion compensation-value deciding portion 239 refers to the magnetic field distortion 
compensation map 239a prepared as described above, thereby determining the d-axis-current unit compensation value 
Aid1 0 and the q-axis-current unit compensation value Aiq1 0 corresponding to the corrected electrical angle 6mre inputted 
from the subtracter 238. Then, the deciding portion 239 outputs the resultantvaluestothe amplitude deciding portion 240. 
In addition to the d-axis current unit compensation value Aid10 and the q-axis current unit compensation value Aiq10 
supplied from the magnetic-field-distortion compensation-value deciding portion 239, the q-axis fundamental-current 
command value i*q0, equivalent to the required steering assist force, from the adder 217 (FIG. 27) is also inputted to 
the amplitude deciding portion 240. The amplitude deciding portion 240 multiplies the respective d-axis-current unit 
compensation value Aid10 and q-axis-current unit compensation value Aiq10 per unit torque by the q-axis fundamental- 
current command value f qO so inputted, thereby determining a d-axis current compensation value Aid1 1 and a q-axis 
current compensation value Aiq1 1 individually corresponding to the above required steering assist force. The amplitude 
deciding portion 240 outputs the resultant d-axis current compensation value Aid1 1 and q-axis current compensation 
value Aiq1 1 to the respective multipliers 242, 243 

[0199] The aforesaid correction ratio calculator 241 receives the gain G of the current control system, which is decided 
by the gain/phase deciding portion 237. The correction ratio calculator 241 calculates an inverse 1/G of the gain G so 
as to obtain a correction ratio Rm as the aforesaid gain compensation value. Then, the correction ratio calculator 241 
outputs the correction ratio Rm to the multipliers 242, 243. 

The multiplier 242 multiplies the d-axis current compensation value Aid1 1 supplied from the amplitude deciding portion 
240 by the correction ratio Rm supplied from the correction ratio calculator 241 , thereby determining the d-axis current 
compensation value Aid1 for magnetic-field-distortion compensation. Then, the multiplier outputs the compensation 
value to the adder 221 (FIG. 27). Likewise, the multiplier 243 multiplies the q-axis current compensation value Aiq11 
supplied from the amplitude deciding portion 240 by the correction ratio Rm supplied from the correction ratio calculator 
41 , thereby determining the q-axis current compensation value Aiq1 for magnetic-field-distortion compensation. Then, 
the multiplier outputs the compensation value to the adder 222 (FIG. 27). In this manner, the multipliers 242, and 243 
correct the d-axis current compensation value Aid1 1 and the q-axis current compensation value Aiq1 1 with the correction 
ratio Rm, thereby compensating for the gain decrease dependant upon the frequency characteristics of the current 
control system. 

5.1.6. Constitution and Operations of High-Order-Current Distortion Compensating Portion 

[0200] FIG. 29 is a block diagram showing a specific example of an arrangement of the high-order-current distortion 
compensating portion shown in FIG. 27. As shown in the figure, the high-order-current distortion compensating portion 
219 is provided with function blocks including the frequency calculator 236, the gain/phase deciding portion 237, the 
subtracter 238, the correction ratio calculator 241 , a high-order-current distortion compensation-value deciding portion 
244 and multipliers 245, 246. The microcomputer executes programs thereby causing the individual blocks to perform 
predetermined computations. Out of these function blocks, the frequency calculator 236, the gain/phase deciding portion 
237, the subtracter 238 and the correction ratio calculator 241 are constituted to perform the same computations as 
those of the magnetic field distortion compensating portion 218. That is, these function blocks are adapted to calculate 
a phase compensation value AQe and a gain compensation value Rm for compensating for the phase delay and the 
gain decrease which are dependant upon the frequency characteristics of the current control system. 
[0201 ] The high-order-current distortion compensation-value deciding portion 244 stores a high-order-current distortion 
compensation map 244a and a phase correction map 244b. The high-order-current distortion compensation map 244a 
tabulates a relation between the q-axis fundamental-current command value fqO and the gain of each of predetermined 
high-order components relative to the first-order component, the high-order components including, for example, the fifth- 
order, seventh-order, eleventh-order and thirteenth-order components. The phase correction map 244b tabulates a 
relation between each of the above high-order components and the correction value for compensating for its phase 
delay relative to that of the first-order component. When supplied with the corrected electrical angle Gmre from the 
subtracter 28 and the q-axis fundamental-current command value fqO from the adder 217 (FIG. 27), the high-order- 
current distortion compensation-value deciding portion 244 refers to the high-order-current distortion compensation map 
244a and the phase correction map 244b, thereby determining a d-axis-current fundamental compensation value Aid21 
and a q-axis-current fundamental compensation value Aiq21 for high-order current distortion compensation. 
[0202] A detailed description is made as below on a method of preparing the high-order-current distortion compensation 
map 244a and the phase correction map 244b. In the electric motor 9, the motor drive circuit 150 (FIG. 27) applies a 
sinusoidal alternating current to the individual phase field coils by chopping a direct current from the battery 180. Fur- 
thermore, the motor drive circuit 150 drives the switching devices constituting the bridge circuit therein as interposing a 
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minor dead time such as to prevent the switching devices from shorting with one another. Because of these factors and 
the like, the currents flowing through the individual phase field coils contain higher harmonic content, such as the fifth- 
order, the seventh-order, the eleventh-order and the thirteenth-order harmonics, superimposed on the sinusoidal current 
component (fundamental harmonic). Therefore, the following procedure may be adopted. Experimental data on the 
currents flowing through the respective phase field coils are previously acquired, while measurement is taken on the 
respective values of the high-order components superimposed on the currents of the acquired values. Based on the 
measurement values of each of the high-order components, the adders 221, 222 may perform addition processes for 
determining the compensation value for each high-order component, as converted based on the d-q coordinates, in a 
manner to cancel the high-order current component. That is, the aforesaid d-axis-current fundamental compensation 
value Aid2 and q-axis-current fundamental compensation value Aiq2 may be divided into respective compensation values 
Aid2-5, Aiq2-5 for canceling the fifth-order component; respective compensation values Aid2-7, Aiq2-7 for canceling the 
seventh-order component; respective compensation values Aid2-1 1 , Aiq2-1 1 for canceling the eleventh-order compo- 
nent; and respective compensation values Aid2-1 3, Aiq2-1 3 for canceling the thirteenth-order component; as represented 
by the following equations (61) and (62). 

Aid21 =Aid2-5+Aid2-7+Aid2-ll+Aid2-13 ... (61) 



Aiq21 =-Aiq2-5+Aiq2-7+Aiq2-ll+Aiq2-13 ... (62). 

[0203] The respective superimposition ratios of the predetermined high-order components vary according to the motor 
load (output torque) as the required steering assist force, namely, the q-axis fundamental-current command value fqO. 
Hence, the respective current phases of the high-ordercomponents also delay relative to that of the first-order component 
according the q-axis fundamental-current command value f qO. In the output torque from the electric motor 9, the fifth- 
order and seventh-order components appear as the sixth-order component. Hence, the compensation values for the 
fifth-order current Aid2-5, Aiq2-5 and the compensation values for the seventh-order current Aid2-7, Aiq2-7 are repre- 
sented by the following equations (63) to (66), respectively: 

Aid2-5 = i5(i*qO)x s in[6{9re+95(i*qO)}] ... (63) 



Aiq2-5 - i5(i*qO)x C os[6{9re+95(i*qO)}] ••• (64) 



Aid2-7 = i7(i*q0)x s in[6{ere+97(i*q0)}] ... (65) 



Aiq2-7 = i7(i*qO)x C os[6{9re+e7(i*qO)}] ... (66). 

In the output torque from the electric motor 9, the eleventh-order and thirteenth-order components appear as the twelfth- 
ordercomponent. Hence, the compensation values forthe eleventh-ordercurrent Aid2-1 1 , Aiq2-1 1 and the compensation 
values forthe thirteenth-order current Aid2-1 3, Aiq2-13 are represented by the following equations (67) to (70), respec- 
tively: 

Aid2-ll =ill(i*qO)x S in[12{9re+911(i*qO)}] ... (67) 



Aiq2-ll = ill(i*qO)xcos[12{9re+911(iV)}] ••• (68) 
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Aid2-13 = il3(i*q0)xsin[12{9re+913(i*q0)}] ... (69) 

Aiq2-13 = -il3(i*qO)xcos[12{9re+013(i*qO)}] ... (70). 

[0204] By using the above equations (63) to (70), the respective compensation values for the fifth-order, seventh- 
order, eleventh-order and thirteenth-order components can be calculated with respect to each of the d-axis current and 
q-axis current. Therefore, the high-order-current distortion compensation map 244a and the phase correction map 244b 
may be prepared as follows. 

First, experimental data are acquired with respect to a gain of each of the high-order components relative to the first- 
order component (fundamental wave), as varying the supply current to vary the output torque from the electric motor 9. 
Thus is obtained a graph, as shown in FIG. 34 for example, which shows a relation between the q-axis fundamental- 
current command value fqO and the high-order current gain with respect to each of the high-order components. In the 
figure, each set of four plots indicate the output torques from the electric motor 9 as provided at each of the high-order 
components. Starting from the left side as seen in the figure, the respective plots represent the gains at the torques of 
1 .0, 2.0, 3.0 and 4.0 [Nm]. Based on the graph so prepared, a table correlating, for example, a table correlating the value 
of i5(i*q0) equivalent to the amplitude of the fifth-order component and used in the above equations (63) and (64) with 
the value of the q-axis fundamental-current command value i*q0 may be obtained as the high-order-current distortion 
compensation map 244a. 

Furthermore, based on the waveform of the motor supply current as measured with the output torque (motor load) varied 
as described above, experimental data are acquired with respect to the phase delay of each of the high-order components 
relative to the fundamental wave contained in the current waveform. Based on the acquired data, a correction value for 
canceling the phase delay may be determined. As a correction value for the fifth-order component, for example, the 
value of 05(i*qO) used in the above expressions (63) and (64) may be determined. A table correlating the correction 
value so determined with the q-axis fundamental-current command value fqO may be obtained as the phase correction 
map 244b. 

[0205] When supplied with the corrected electrical angle 6mre from the subtracter 238 correcting the electrical angle 
with the phase compensation value A6e inputted from the gain/phase deciding portion 237, and the q-axis fundamental- 
current command value fqOfrom the adder 21 7 (FIG. 27), the high-order-current distortion compensation-value deciding 
portion 244 refers to the high-order-current distortion compensation map 244a and the phase correction map 244b 
prepared as described above, thereby deciding the d-axis-current fundamental compensation value Aid21 and the q- 
axis-current fundamental compensation value Aiq21 corresponding to the corrected electrical angle emre and the q-axis 
fundamental-current command value f qO so inputted. The high-order-current distortion compensation-value deciding 
portion 244 outputs the d-axis-current fundamental compensation value Aid21 and the q-axis-current fundamental com- 
pensation value Aiq21 to the respective multipliers 245 and 246. The multipliers 245 and 246 multiply the respective 
input values by the gain compensation value Rm supplied from the correction ratio calculator 241 . The resultant products, 
as the d-axis current compensation value Aid2 and the q-axis current compensation value Aiq2 for high-order component 
compensation, are outputted to the respectively corresponding adders 221 , 222. 

[0206] According to the embodiment of the aforementioned constitution, the high-order-current distortion compensating 
portion (torque-ripple compensation deciding means) 219 uses the corrected electrical angle emre (rotational position 
information) and the q-axis fundamental-current command value fqO (target current value) for estimating the torque 
ripple caused by the fifth-order, seventh-order, eleventh-order and thirteenth-order components of the current through 
the electric motor 9, when a current of a value specified by the q-axis fundamental-current command value fqO is supplied 
to the individual phase filed coils of the motor 9. Based on the estimation, the compensating portion 21 9 decides the d- 
axis current compensation value Aid2 and the q-axis current compensation value Aiq2 for high-order current distortion 
compensation which are used for varying the q-axis fundamental-current command value f qO in a manner to cancel the 
estimated torque ripple. On the other hand, the magnetic field distortion compensating portion (torque-ripple compen- 
sation deciding means) 218 uses the corrected electrical angle emre and the q-axis fundamental-current command value 
f qO for estimating the torque ripple caused by the distorted magnetic field in the electric motor 9, when the current of 
the value specified by the q-axis fundamental-current command value fqO is supplied to the individual phase field coils 
of the motor. Based on the estimation, the compensating portion 218 decides the d-axis current compensation value 
Aid1 and the q-axis current compensation value Aiq1 for magnetic field distortion compensation which are used for 
varying the q-axis fundamental-current command value fqO in a manner to cancel the estimated torque ripple. As 
indicated by the above equations (48) and (49), the adders 221 and 222 (correcting means) use the resultant d-axis 
current compensation value Aid1 and d-axis current compensation value Aid2, and the resultant q-axis current compen- 
sation value Aiq1 and q-axis current compensation value Aiq2 for varying the corresponding command values of the d- 
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axis current and q-axis current. The feedback controller (feedback control means) 400 drives the electric motor 9 based 
on the command values so varied. As a result, the torque ripple caused by the high-order components and the torque 
ripple caused by the distorted magnetic field are suppressed when the current based on the above target current value 
flows through the electric motor 9. Therefore, the steering feeling is prevented from being degraded due to these ripples. 
[0207] According to the embodiment, the magneticfield distortion compensating portion 21 8 and the high-order-current 
distortion compensating portion 21 9 are provided with the gain compensation calculating means including the frequency 
calculator 236, the gain/phase deciding portion 237 and the correction ratio calculator 241 . The respective output values 
from the magnetic field distortion compensating portion 21 8 and the high-order-current distortion compensating portion 
21 9 are corrected with the gain compensation value (correction ratio Rm) calculated by the calculating means. Thus is 
provided the compensation for the gain decrease of the current through the motor according to the frequency charac- 
teristics of the current control system, the current gain decreasing as the rotational speed of the motor is increased. 
Therefore, the steering feeling is prevented from being degraded in conjunction with the gain decrease. 
[0208] According to the embodiment, the magneticfield distortion compensating portion 21 8 and the high-order-current 
distortion compensating portion 21 9 are provided with the phase compensation calculating means including the frequency 
calculator 236 and the gain/phase deciding portion 237. The detected electrical angle 6re is corrected with the phase 
compensation value (phase difference A6e) calculated by the calculating means. Thus, the phase delay dependant upon 
the frequency characteristic of the current control system is compensated for. Thus is provided the compensation for 
the phase delay of the supply current through the motor 9 relative to the induced voltage even when the rotational speed 
of the electric motor 9 is varied, the phase delay occurring according to the frequency characteristic of the current control 
system. Therefore, the steering feeling is prevented from being degraded in conjunction with the phase delay. 
[0209] Now referring to FIG. 35 showing specific output torques from the electric motor, a detailed description is made 
on the working effect of the torque-ripple compensation deciding means. 

In a case where the feedback controller 40 drives the electric motor 9 by using the d-axis fundamental-current command 
value fdO and the q-axis fundamental-current command value fqO represented by the respective first terms of the above 
equations (48) and (49) rather than using the respective output values from the magnetic field distortion compensating 
portion 21 8 and the high-order-current distortion compensating portion 21 9, the motor outputtorque significantly fluctuates 
due to the appearance of a great torque ripple, as indicated by the dot-dash line in FIG. 35. 

In a case where the feedback controller 400 drives the electric motor 9 by using the output value from the magnetic field 
distortion compensating portion 218, namely, the target current value specified by the respective sums of the first and 
second terms of the respective equations (48) and (49), the motor output torque is removed of the ripple caused by the 
distorted magnetic field and hence, the torque has a detection waveform represented by the dot line in the figure. 
[0210] In a case where the feedback controller 400 drives the electric motor 5 by using the output values from the 
magnetic field distortion compensating portion 218 and the high-order-current distortion compensating portion 219, 
namely, the target current value specified by the respective sums of the first to third terms of the respective equations 
(48) and (49), the motor outputtorque is removed of not only the ripple caused by the distorted magnetic field but also 
the ripple caused by the fifth-order, seventh-order, eleventh-order and thirteenth-order components. Specifically, the 
sixth-order ripple determined by the above equations (63) to (66) and the twelfth-order ripple determined by the above 
equations (67) to (70) are removed from the motor output torque, so that the torque has a stable detection waveform 
with extremely small fluctuations, as represented by the solid line in the figure. That is, the embodiment is adapted to 
damp a substantial quantity of torque ripple in a system wherein with the increase of the q-axis fundamental-current 
command value fqO (the motor load for generating the required steering assist force), the high-order components are 
more prone to be superimposed on the current through the electric motor 9, as shown in FIG. 34, so that the quantity 
of torque ripple caused by the superimposed high-order components is also increased to degrade the steering feeling. 
As a result, the system may perform the assist operation in a stable manner during a steering operation requiring steering 
assist of a relatively great assist force, such as steering without driving for changing the tire angle of the steerable wheels 
of the vehicle at standstill. 

[021 1 ] While the foregoing description illustrates the constitution which decides the compensation value for canceling 
the torque ripple caused by the predetermined high-order components including the fifth-order, the seventh-order, the 
eleventh-order and the thirteenth-order components, the invention is not limited to this. An alternative constitution may 
also be made which decides a compensation value for compensating for (canceling) higher harmonic components prone 
to be superimposed on the fundamental wave (the first-order component), the higher harmonics including, for example, 
the fifth-order and the seventh-order components as shown in FIG. 34. 

The foregoing description also illustrates the case where the magnetic field distortion compensating portion 21 8 and the 
high-order-current distortion compensating portion 21 9 of the torque ripple compensation deciding portion 301 contain 
therein the gain compensation calculating means and the phase compensation calculating means, which share some 
function blocks. However, the invention is not limited to this. An alternative constitution may also be made as follows, 
for example. Instead of providing the above calculating means in the compensating portions 218, 219 of the torque- 
ripple compensation deciding portion 301, these calculating means may be interposed between the compensation 
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deciding portion 301 and the feedback controller 400. The compensating portions 21 8, 21 9 may use the electrical angle 
Gre supplied from the rotor angular-position detector 235 and the q-axis fundamental-current command value fqO supplied 
from the adder 222 thereby to decide the respective compensation values for the magnetic field distortion compensation 
and for the high-order current distortion compensation. Subsequently, these values so decided may be corrected with 
5 the gain compensation value determined by the gain compensation calculating means and the phase compensation 
value determined by the phase compensation calculating means, respectively. The corrected values may be inputted, 
as the command values, to the feedback controller 400. 

[021 2] While the foregoing description illustrates the constitution, for example, wherein the high-order-current distortion 
compensation map 244a is stored in the high-order-current distortion compensation-value deciding portion 244, an 
10 alternative constitution may also be made such that the mathematical equations (61 ) to (70) are stored in the microcom- 
puter while the deciding portion 244 performs the calculations based on these mathematical equations thereby deciding 
the compensation value. 

While the foregoing description illustrates the case where the three-phase brushless motor is used as the electric motor 
9, the invention is not limited to this. The invention is also applicable to systems employing the other types of motors 
15 such as brushless motors having different numbers of phases than three, and DC motors with brushes. 

5.2. Dead Zone 

5.2.1 . Consideration for Dead Zone 

20 

[0213] Now, description is made on a dead zone defined by a predetermined region which has a zero steering torque 
set to a midpoint and in which the electric motor is not driven. 

The aforesaid Prior Art 13 proposes an electric power steering system designed to vary the width of the dead zone 
according to a condition such as a steering speed. 
25 The aforementioned conventional electric power steering system is based on insufficient knowledge about the width of 
the dead zone in respect of an assist characteristic (steering assist characteristic; a relation between the steering torque 
and the assist torque (motor current)) and the definition of a gradient at a boundary between the dead zone and an 
assist (steering assist) zone. 

[0214] The inventors have discovered a problem that if the dead zone width is too small, the vehicle running straight 
30 ahead is prone to wandering and that if the dead zone width is too great, the driver may perceive frictions occurring at 
the various parts of the vehicle. Thus, the steering feeling is seriously degraded. The inventor have also discovered a 
problem that if the gradient of the assist characteristic curve at the boundary between the dead zone and the assist zone 
is too great, a torque variation at assist start tends to be transmitted to the handle as a rapping impact, and that if the 
gradient is too small, the steering feeling is seriously degraded because of the aforementioned frictions. These problems 
35 were unsolved because how friction torque (loss torque) about the shaft of the electric motor affects the steering feeling 
in the assist state or in the non-assist state is unknown. 

[0215] The following constitution may be adopted to obviate the wandering of the vehicle running straight ahead and 
the friction sensation thereby to provide the good steering feeling. 

That is, a preferred electric power steering system wherein an upper shaft (the input shaft 22) connected to the steering 
^o member is coupled to a lower shaft (the output shaft 24) by means of an interconnection shaft (such as the torsion bar 
23), the lower shaft connected to the steering mechanism (the manual steering gear 3) by means of a transmission shaft 
(having an upper end thereof connected to the lower shaft by means of a universal joint, for example, and a lower end 
thereof rotatably connected to the steering mechanism); wherein the electric motor is coupled to the lower shaft (the 
output shaft 24) by means of a gear mechanism (the reduction gear assembly 8); wherein a transverse steering torque 
45 applied to the steering member is detected based on a torsion of the interconnection shaft; wherein the electric motor 
is driven according to the detected steering torque thereby applying a steering assist torque to the lower shaft; and 
wherein a predetermined range having a zero steering torque set to a midpoint is defined as a dead zone to deactivate 
the electric motor, the system is characterized in that a one-side width of the dead zone is defined to be not more than 
a sum of a friction torque occurring at the steering mechanism and friction torques occurring at the lower shaft and the 
50 transmission shaft. In this case, an electric power steering system obviating the wandering of the vehicle running straight 
ahead and the friction sensation and providing the good steering feeling may be realized. 

[0216] Furthermore, the following constitution may be adopted to prevent the torque fluctuation at assist start from 
being transmitted as an impact and to provide the good steering feeling withoutthe friction sensation. That is, the preferred 
electric power steering system is characterized in that in a case where the steering torque is equal to a sum of loss 
55 torques occurring at the one-side width, the electric motor and the gear mechanism, the steering assist torque is defined 
to be not more than the loss torque. In this case, an electric power steering system preventing the torque fluctuation at 
assist start from being transmitted as the impact and providing the good steering feeling without the friction sensation 
may be realized. 
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5.2.2. Preferred Mode Related to Dead Zone 

[021 7] Receiving a steering torque Ts detected by the torque sensor 7, a target current calculator 1 24 uses the steering 
torque Ts and the like for deciding a target current value It of current to be supplied to the motor 9, as referring to the 
table, called the assist map, which correlates the steering toque with the target current value. 

The assist map of the target current calculator 124 (the motor controller 120) variably defines a function according to 
the vehicle speed detection signal Vs (Vs: V1, V2, V3). As shown in FIG. 36, the function operates such that if the 
steering torque signal Ts exceeds the predetermined dead zone, the target current value It is increased in proportion to 
the increase of the steering torque signal Ts and that if the steering torque signal Ts is further increased to above a 
predetermined value, the target current value It is saturated. It is noted that V1 < V2 < V3 ... The above function is defined 
to decrease a ratio of the target current value It to the steering torque signal T as the vehicle speed detection signal V1 , 
V2, V3 is increased, and to provide a small saturation value of the target current value It. The target current value It 
decided by the target current calculator 124 is applied to the adder 21 7. 

[0218] FIG. 37 is a schematic diagram schematically showing the electric power steering system shown in FIG. 1. 
The electric powersteering system has an arrangement wherein the uppershaft (input shaft) 22 connected to the steering 
member 1 (handle) is coupled to the lower shaft (output shaft) 24 by means of the torsion bar 23 (interconnection shaft), 
whereas the output shaft 24 is coupled to the steering mechanism (manual steering gear) 3 by means of a transmission 
shaft 29. The input shaft 22, the output shaft 24 and the torsion bar 23 constitute a steering shaft 33. The input shaft 22 
is carried on bearings 22a, 22b at its upper part and lower part, whereas the output shaft 24 is carried on bearings 24a, 
24b at its upper part and lower part. The electric motor 9 is coupled to the output shaft by means of the reduction gears 
81 , 82. The driving gear 82 of the reduction gear assembly is carried on two bearings 82a, 82b. 

[0219] The transmission shaft 29 has its upper end and lower end rotatably connected to the output shaft 24 and the 
pinion shaft 31 of the manual steering gear 3 by means of two universal joints 29a, 29b, respectively. The pinion shaft 

31 is carried on two bearings 31 a, 31 b and has the pinion teeth 35 thereof meshed with the rack teeth 36. The rack shaft 

32 is carried on a bearing 32a. Each of the opposite ends (only one end is shown in FIG. 37) of the rack shaft is rotatably 
coupled to one end of the tie rod 4a, the other end of which is rotatably coupled to one end of the knuckle arm 4b. The 
knuckle arm 4b has the other end thereof rotatably coupled to a shaft of the steerable wheel not shown. The steering 
mechanism is principally constituted by the manual steering gear 3 but also includes the tie rods 4a and the knuckle 
arms 4b. 

[0220] The characteristics of steering torque signal Ts-target current value It (assist torque) of the above assist map 
not only include the aforementioned definitions but also defines the one-side width Td of the dead zone to be Td < 
Tf1+Tf2 (equivalent of the torque about the steering shaft). 

It is noted here that Tf1 denotes the friction torque of the overall steering mechanism (manual steering gear 3) 34, 
whereas Tf2 denotes the friction torque of the output shaft 24, the transmission shaft 29 and the universal joints 29a, 
29b (FIG. 37). 

[0221 ] As shown in a characteristic graph of FIG. 38, the characteristic of the steering torque signal Ts-target current 
value It (assist torque) of the assist map is defined such that an assist torque Ta is Ta < Tf3 (equivalent of the torque 
about the steering shaft), provided that a steering torque Th = Td+Tf3. It is noted here that Tf3 denotes the loss torque 
about the electric motor shaft 9 including the friction torque about the reduction gear assembly 8 (FIG. 37). 
[0222] The above torques Tf1 , Tf2, Tf3 (equivalent of the torques about the steering shaft) may be defined as, for 
example, Tf 1 < 0.6 Nm, Tf2 < 0.3 Nm, Tf3 < 0.5 Nm. According to the prior art, Td is defined as Td = 1 .0 to 1 .7 Nm. The 
above definitions permit this electric power steering system to start providing the steering assist without suffering the 
drag of the loss torque about the electric motor shaft 9 before the steering torque is increased to the torque value 
(Tf1+Tf2) transmitted to the tires (steerable wheels). Therefore, the electric power steering system features a smooth 
torque fluctuation at assist start and obviates the wandering of the vehicle running straight ahead and the friction sensation 
thereby to provide the good steering feeling. 

5.3. Phase Compensating Portion 

5.3.1. Consideration for Phase Compensation Characteristic 

[0223] In the electric power steering system, a proportional integrator typically provides a current control (feedback 
control) such that a current of the target value may flow through the electric motor, the target value defined based on a 
steering toque indicated by the torque detection signal outputted from the torque sensor. 

[0224] The proportional integrator may preferably have high values of a proportional gain and an integral gain (here- 
inafter, collectively referred to as "PI gain") in the light of increasing the responsivity of the overall steering system. 
Unfortunately, however, the electric power steering system includes a mechanical resonant system including a spring 
element constituted by the torsion bar interposed in the steering shaft for detecting the steering torque, and an inertial 
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element constituted by the electric motor. Therefore, if the PI gain value is too high, the system tends to operate unstably 
(or is prone to vibrations) at resonant frequencies of the resonant system, which are near natural frequencies of the 
mechanical system of the electric power steering system (specifically, in the range of 10 to 25 Hz). 
[0225] Therefore, the PI gain is not set to such a high value in order to ensure system stabilization at the expense of 
high responsivity of the overall system. Furthermore, the system is provided with the phase compensator for improving 
phase characteristic in a practical frequency band. Specifically, the torque sensor applies the torque detection signal to 
the phase compensator. The phase compensator advances the phase of the torque detection signal, thereby improving 
the responsivity of the overall system. 

[0226] The phase compensator has its characteristics so defined as to decrease a resonant-frequency gain in order 
to prevent the system from becoming a vibratory system. In defining the characteristics of the phase compensator, 
therefore, damping at the resonant frequencies must be increased to meet a steer-without-driving assist characteristic 
of high gain. However, the phase compensator has a characteristic that the increased damping atthe resonantfrequencies 
leads to the increase of damping in a wide frequency region centered on the resonant frequencies. Consequently, 
damping in a low-frequency region is increased, so that phase delay in the low-frequency region is increased. 
[0227] Vibrations during steer without driving may be suppressed by employing the phase compensator featuring high 
damping. During steer with driving, however, the phase delay in the low-frequency region is so great as to lessen the 
steering feeling in a low-load region corresponding to a neighborhood of a neutral position of the handle. Hence, the 
driver may experience a loadless steering feeling. This loadless steering feeling becomes particularly significant when 
the vehicle speed is high. What is worse, this drawback is even more significant in a high-efficiency electric power 
steering system decreased in the friction. 

[0228] Prior Art 14 discloses an electric power steering system including software-type phase compensation means 
implemented in software. The phase compensation means uses the vehicle speed as a parameter for varying its char- 
acteristics in correspondence to high vehicle speed, intermediate vehicle speed and low vehicle speed. However, the 
system of Prior Art 14 simply varies the characteristics according to the vehicle speed. That is, this system does not 
differentiate between steering assist during steer without driving and steering assist during steer with driving. Hence, 
the system does not overcome the above problem related to the phase compensator whose characteristics are defined 
based on the steer-without-driving assist characteristic. 

That is, if the vibrations during steer without driving are suppressed by means of the phase compensator, the phase 
delay is increased so that the driver experiences the loadless steering feeling during driving. 
[0229] The following constitution may be adopted to suppress the loadless steering feeling. 

That is, a preferred electric power steering system driving an electric motor to generate a steering assist force according 
to a steering torque, comprises: a torque sensor for detecting the steering torque; phase compensation means operating 
when a target control value of the electric motor is generated based on an output from the torque sensor; and means 
for varying the characteristics of the phase compensation means depending upon whether a steering mode is steer with 
driving or steer without driving. 

[0230] The system differentiates between the steering assist during steer without driving and the steering assist during 
driving so as to vary the characteristics of the phase compensation means accordingly. Thus, the system is adapted to 
provide a relatively small damping in the low-frequency region as a steer-with -driving assist characteristic, even though 
the vibrations are suppressed by defining the steer-without-driving assist characteristic to provide a relatively high damp- 
ing in the low-frequency region as compared with the damping of the stee r- wit h-d riving characteristic. Thus, the loadless 
steering feeling during driving may be lessened. 

[0231] It is also preferred that the system further comprises: a first phase compensator for steer with driving and a 
second phase compensator for steer without driving, as the phase compensation means; and means for switching the 
phase compensators in order to generate the target control value by means of the first phase compensator in the case 
of steer with driving, and to generate the target control value by means of the second phase compensator in the case 
of steer without driving. A proper steering feeling may be provided easily by switching the phase compensator between 
steer with driving and steer without driving. 

[0232] It is preferred that the phase compensation means is represented by a transfer function Gc(s) of the following 
equation, and that parameters £ 2 ar| d <°2 °f tne transfer function Gc(s) are set to values to reduce or cancel a peak of 
a gain characteristic of an open-loop torque transfer function of the electric power steering system, the peak induced 
from natural vibrations of the mechanical system and the counter-electromotive force of the motor: 

Gc(s) = (s^^coiS+^VCs^^iCO^+co, 2 ) ... (71), 

where ^ denotes the compensated damping coefficient; £ 2 denotes the damping coefficient of a compensated system; 
o)i denotes the compensated natural angular frequency; and denotes the natural angular frequency of the compen- 
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sated system, all these symbols representing the parameters of the function Gc(s). 

[0233] The above constitution is adapted to ensure the system stability and to improve the responsivity of the system, 
because the phase compensation means reduces or cancels the peak of the gain characteristic of the open-loop torque 
transfer function, the peak induced from the natural vibrations of the mechanical system and the counter-electromotive 
force of the motor. In order to limit an input/output steady-state gain to 1 , the phase compensation means may also take 
another mode represented by the following equation where the function Gc(s) is multiplied by a gain correction coefficient 
co-| 2 /o)2 2 : 

Gc(s) = co 1 V+2C2C02S+co 2 V{o)2 2 (s 2+ 2Cico,s+co 1 2 )} ... (72). 

[0234] It is further preferred that the parameters ^ and £ 2 of the transfer function Gc(s) of the phase compensation 
means are defined to satisfy the following equations: 

2~ 1/2 <Ci<l (73), 



0<^ 2 <2' lu ... (74). 

In this case, the parameter £ 2 as the damping coefficient of the compensated system is selected from the range of 0 < 
£ 2 < 2 _1/2 , so that an adequate phase compensation may be provided. Furthermore, the parameter ^ as the compensated 
damping coefficient is selected from the range of 2 _1/2 < < 1 , so that the phase compensation may ensure the system 
stability and improve the responsivity of the system. 

[0235] It is preferred that the parameters co-, and co 2 of the transfer function Gc(s) of the phase compensation means 
are defined to satisfy the following equation and to take values approximating 2jcxf p , provided that f p denotes the 
frequency of the peak of the gain characteristic of the open-loop torque transfer function: 

coi = co 2 ... (75). 

[0236] One design parameter is deleted by defining the relation co^o^. Furthermore, the parameter oo 1 as the com- 
pensated natural angular frequency takes the value approximating 27cxf p , whereby system destabilization due to the 
natural vibrations of the mechanical system is obviated. Hence, the phase compensation design may be simplified, while 
the control system may be even further stabilized and improved in responsivity. 

[0237] It is preferred that the parameter o)i of the transfer function Gc(s) of the phase compensation means is defined 
to satisfy the following expression: 

co, < co m ... (76), 

where co m denotes the angular frequency of the natural vibrations of the mechanical system. 

Since the parameter co-, as the compensated natural angular frequency is smaller than the angular frequency <o m of the 
natural vibrations of the mechanical system, the control system is prevented from being destabilized by the natural 
vibrations of the mechanical system. Thus, the control system may more reliably maintain stability and achieve the 
improved responsivity. 

5.3.2. Preferred Mode of Phase Compensation Means 

[0238] First, a basic study on phase compensation design will be described. 

The conventional technique related to the phase compensation in the control design of the electric power steering system 
has been proposed as a measure for compensating for a peak of the natural vibration frequencies of the mechanical 
system (hereinafter, referred to as "mechanical-system peak"), which are mechanical resonant frequencies. However, 
thetechnique does notconsideran influence of the counter-electromotive force of the motor. According to the conventional 
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technique, a peak of a system gain characteristic of the electric power steering system or of a gain characteristic of the 
open-loop torque transfer function (hereinafter, referred to as "system peak") is regarded as the peak of the mechanical 
system. However, the results of the following simulation reveal that the counter-electromotive force in the motor exerts 
such a significant influence on the characteristics of the system that the mechanical-system peak and the peak of the 
overall system (system peak) have different frequencies. 

[0239] Referring to FIG. 39, description is made on this point. It is noted that the term "open-loop torque transfer 
function", as used herein, means a transfer function representing a relation between an input defined by a target value 
of torque to be generated by the motor 9 and an output defined by a torque (hereinafter, referred to "motor torque") 
actually generated by the motor as determined in a state where a steering angle is fixed (for example, the handle is fixed 
to a neutral position). The target value of torque to be generated by the motor 9 corresponds to the target current value 
of the current control system, whereas the motor torque corresponds to the value of current actually flowing through the 
motor. Hence, the open-loop torque transfer function is equivalent to a transfer function of the electric power steering 
system with the fixed steering angle, the system having an input of the target current value and an output of the value 
of current actually flowing through the motor. 

[0240] FIG. 39 is a Bode diagram (gain plot and phase plot) showing the open-loop torque transfer function of the 
electric power steering system employing a brushless motor, as obtained by a simulation (numerical experiment). The 
Bode diagram shows a case where a non-interactive control is provided in a control system for d-axis current and q-axis 
current of the motor, and a case where the non-interactive control is not provided. The influence of the counter-electro- 
motive force can be eliminated by providing the non-interactive control, so that the characteristics of the mechanical 
system may be obtained. The conditions of the simulation are listed as below. 
[0241] 

Inertia on motor output side: Im = 7.89X1 0 -5 [N-m-s 2 /rad] 
Viscosity on motor output side: Cm = 1.39X10 -3 [N-m-s/rad] 
Reduction ratio of reduction gears: n = 9.7 
Elasticity of torsion bar: K = 162.95 [N-m/rad] 
Toque constant of motor: K T = 5.12X10 2 [N-m/A] 
Inductance of motor: L = 9.2X1 0" 5 [H] 
Resistance of motor: R = 6.1 X1 0" 2 [Q] 
Number of motor pole pairs: P = 4 

Constant of counter-electromotive force: <pfp = 4.93x1 0 _2 [V-s/rad] 
Proportional gain of PI controller: Kp = Lx(2rcX75) 
Integral gain of PI controller: Ki = Rx(27iX75) 

[0242] Let us take note of the gain plot of FIG. 39. In FIG. 39, a curve 'a' represents a gain characteristic of the case 
where the non-interactive control is not provided. The curve has a peak frequency of about 1 7 Hz, which is a frequency 
of the system peak (hereinafter, referred to "system peak frequency" or simply to "peak frequency", and represented by 
a symbol "fp"). A curve 'b' represents a gain characteristic of the case where the non-interactive control is provided. The 
curve has a peak frequency fp of about 22 Hz. A curve 'c' represents a gain characteristic only related to elasticity/inertia, 
which is a gain characteristic of a mechanical element alone. The curve also has a peak frequency of about 22 Hz. Thus, 
the peak frequency of the mechanical system (hereinafter, referred to as "mechanical-system peak frequency" and 
represented by a symbol "fm") is about 22 Hz. This indicates that the system peak has a different frequency from that 
of the mechanical-system peak. 

[0243] Next, let us take note of FIG. 40 showing a gain characteristic of the open-loop torque transfer function of the 
above electric power steering system subjected to phase compensation. In FIG. 40, a curve 'd' represents a gain 
characteristic of a case where the phase compensation is not provided. The curve corresponds to the curve 'a' in FIG. 
39 (which represents the gain characteristic of the case where the n on -interactive control is not provided). A peak P of 
the gain characteristic represented by the curve 'd' reflects the influence of the counter-electromotive force, as described 
above. The peak P is at a lower frequency than a mechanical-system peak Pm (which corresponds to the peak of the 
curve 'b' or 'c' in FIG. 39). 

[0244] Since the conventional technique does not consider the influence of the counter-electromotive force, the above 
peak P is regarded as the mechanical-system peak Pm and the phase compensation is so provided as to cancel the 
peak P. Therefore, some phase compensator design may have a drawback that even after the phase compensation is 
provided, the overall system is prone to destabilization (prone to vibrations) due to the influence of the mechanical- 
system peak Pm. In the electric power steering system according to the embodiment, therefore, the phase compensator 
is designed with consideration given to the point that the gain peak P of the overall system differs from the mechanical- 
system peak Pm due to the influence of the counter-electromotive force. 

[0245] As described above, the steering system of the invention is designed such that the manual steering gear 3 and 
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the reduction gear assembly 8 are decreased in friction values. Specifically, the sum of the friction of the manual steering 
gear and that of the reduction gear assembly , equivalent of the friction about the steering shaft, is 1 Nm or less, and 
preferably 0.9 Nm or less. The preferred values of the individual frictional elements are those described above. 
[0246] FIG. 41 is a block diagram principally showing the phase compensating portion 21 3 of the ECU 1 05. The phase 
compensating portion 213 functions in association with the microcomputer executing a program. 
The phase compensating portion 213 is supplied with the steering torque detection signal Ts outputted from the torque 
sensor 3. 

The phase compensating portion 213 subjects the steering torque detection signal Ts to a filtering process for phase 
compensation and then, outputs the processed signal to the target current-value calculator 21 4. The phase compensating 
portion 21 3 includes: afirst phase compensator21 3a and a second phase compensator213b individually having different 
characteristics; and a changeover switch 21 3c for switchably applying the steering torque detection signal Ts to the first 
phase compensator 21 3a or the second phase compensator 21 3b. 

[0247] The changeover switch 21 3C (means for varying the characteristics of the phase compensator) is supplied 
with the vehicle speed signal Vs from the vehicle speed sensor 1 04. The changeover switch selects either of the phase 
compensators (phase compensation means) 213a, 213b based on whether the signal indicates steer with driving (Vs^ 
0) or steer without driving (Vs = 0). In the case of steer with driving, the changeover switch 213c selects the fist phase 
compensator 21 3a responsible for the phase compensation during steer with driving. Hence, the steering torque detection 
signal Ts is applied to the first phase compensator 21 3a, which applies an output to the target current-value calculator21 4. 
In the case of steer without driving, on the other hand, the second phase compensator 21 3b responsible for the phase 
compensation during steer without driving is selected. Thus, the steering torque detection signal Ts is applied to the 
second phase compensator 21 3b, which applies an output to the target current-value calculator 214. 
[0248] Based on the filtered signal from the first phase compensator 213a or the second phase compensator 213b, 
and the above vehicle speed signal Vs, the target current-value calculator 21 4 calculates a target value of current to be 
supplied to the motor 9 and outputs the calculated value as the target current value l t . 
[0249] The phase compensating portion 213 is described as below. 

It is known that a frequency characteristic of the open-loop torque transfer function, which represents the characteristic 
of the overall electric power steering system, can be approximated using a transfer function of a second-order lag system 
in the practical frequency band. FIG. 40 is a Bode diagram showing the frequency characteristics of the cases where 
the phase compensation is not provided and where the phase compensation is provided. In FIG. 40, as well, a charac- 
teristic of the transfer function of the second-order lag system can be observed. 

[0250] First, description is made on the case where the phase compensation is not provided. The curve 'd' represents 
the gain characteristic of the case where the phase compensation is not provided. As indicated by the curve 'd', the gain 
characteristic of the open-loop torque transfer function of the overall system has a peak frequency fp of about 17 Hz, 
which is corresponded by a gain of about 9dB. That is, the system is poor in stability. As seen from a curve T representing 
a characteristic of the case where the phase compensation is not provided, phase delay is increased in a frequency 
range of 20 Hz to 30 Hz. The following is a general formula of a transfer function G(s) of the second-order lag system: 

G(S) = CG n 2 /(s 2 +2C 2 CDnS+C0 n 2 ), 

where s denotes the Laplace operator; £ 2 denotes the damping coefficient; andco n denotes the natural angularfrequency. 
[0251 ] The transferf unction Gc(s) of the phase compensator 21 3a, 21 3b should be so defined as to cancel the system 
peak P which is the peak of the gain characteristic of the transfer function G(s) of the above second-order lag system 
representing the compensated system. According to the embodiment, the transfer function G(s) is determined based 
on the following equation: 

Gc(s) = (s 2 h-2^2Co 2 s+co2 2 )/(s 2 +2^icois+coi 2 ) 3 

where s denotes the Laplace operator; ^ denotes the compensated damping coefficient; £ 2 denotes the damping 
coefficient of the compensated system; coi denotes the compensated natural angularfrequency; and co 2 denotes the 
natural angular frequency of the compensated system. The embodiment provides the electric power steering system 
including the phase compensator whose parameters are defined effectively from the standpoint of realizing a control 
system having a desired frequency characteristic. 

[0252] In a case where the gain characteristic of the compensated system contains a peak, it is known that the 
parameter £ 2 of tne formula representing the transfer function G(s) of the system takes a value of £ 2 < 2 _1/2 Therefore, 
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adequate phase compensation is not provided if the value of the parameter £ 2 of the formula representing the transfer 
function G(s) of the phase compensator is selected from the range represented by the expression: 2~ 1/2 < £ 2 < 1 ■ As a 
result, the electric power steering system tends to work as an instable control system (vibratory system). 
Therefore, the value of the parameter £ 2 of the transfer function of the phase compensator should be selected from a 
range excluding the range expressed as: 2 _1/2 < £ 2 < 1. 

[0253] If the value of the damping coefficient ^ compensated by the phase compensating portion 21 3 is selected from 
the range expressed as: 0 < ^ < 2 -1/2 , the compensated gain characteristic contains a peak so that the compensated 
control system is prone to instable operation. 

Therefore, the value of the parameter ^ of the transfer function of the phase compensator should be selected from a 
range excluding the range expressed as: 

0 < Ci < T V1 . 

[0254] Hence, the embodiment defines the parameters ^ and £ 2 of the phase compensators 15a, 15b having the 
transfer function G(s) in a manner to satisfy the following expressions: 



2' 1/2 <Ci<l, 



0 < ^2 < 2 - 

By making such definitions, the embodiment ensures the system stability while improving the responsivity of the system. 
[0255] The peak frequency fp of the overall system differs from the mechanical-system peak frequency fm, which is 
higher than the system peak frequency fp. Therefore, in order to prevent the system from working unstably (vibratory 
system) in a frequency band near co-, , the gain must be adequately decreased at the angular frequency co m of the natural 
vibrations of the mechanical system. If co m <a> 1 , the gain is not adequately decreased at co m , so that the system is prone 
to vibrations in the frequency band nearco^ In order to compensate forthe mechanical-system peak effectively, therefore, 
the parameter co-, of the phase compensator may preferably be defined in a manner to satisfy the following expression: 

Q)m>C0]. 

[0256] If the parameters ^, £ 2 and co-, are defined as described above, the electric power steering system may have 
characteristics which include a gain characteristic represented by a curve 'e' in FIG. 40 and a phase characteristic 
represented by a curve 'g' in FIG. 40. FIG. 42 is a Bode diagram showing the characteristics of the phase compensator. 
It is apparentf rom these figures thatthe phase compensation based on the above definitions achieves a notable reduction 
of the gain peak value so that the phase delay near 20 Hz may be decreased. 

[0257] The phase compensator, as described above, facilitates the phase compensation design and ensures the 
stability of the control system. In addition, the phase compensator improves the responsivity of the system so as to 
provide the open-loop torque transfer function, which has a desired frequency characteristic. 
[0258] Furthermore, for the purpose of implementing the preferred compensator design, the parameters co 1 and 
of the transfer function Gc(s) of the phase compensator are first considered. The parameter cd-| represents the compen- 
sated natural angular frequency or, in other words, the target natural angular frequency. That co-| and co 2 are of different 
values means that the natural angular frequency of the compensated system does not achieve the target natural angular 
frequency. In the phase compensation of the control system of the electric power steering system, the compensated 
system may desirably have a natural angular frequency equal to the target natural angular frequency. Hence, definition 
is made as o>i =co 2 , from which co n = co 1 = co 2 is deduced. This will be hereinafter referred to as "natural angular frequency 
of compensator". If the compensated natural angular frequency is defined as co n = 27c-fp against the peak frequency fp 
of the gain characteristic of the open-loop torque transfer function of the overall system, the system destabilization 
(vibratory system) due to the influence of the mechanical-system peak Pm may be obviated. The compensated natural 
angular frequency may preferably be defined as co m > co-| such that the overall system may not become vibratory due to 
the influence of the mechanical-system peak Pm, as described above. 
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[0259] It is more preferred to define the parameters of the transfer function of the phase compensator in a manner to 
satisfy the following expressions: 

C0 m > CO] = C0 2 = C0 n , 



(o n = 2?rfp, 
2- 1/2 <Ci<l, 
0 <C2<2" 1/2 . 

[0260] Thus, one design parameter is deleted by setting <*>., and co 2 to the same value, so that both the responsivity 
and the stability may be satisfied effectively and easily. 

The parameter fp of co n = 27t-fp (which will hereinafter be represented by a symbol "fn" for differentiation from the system 
peak frequency fp and be referred to as "natural frequency of compensator") need not have the same value as that of 
the peak frequency fp but may a value near the peak frequency fp to serve well the practical use. Hence, the natural 
angular frequency co n of compensator may be defined by the following expression: 

27ix(fp-a) < (On < 2rcx(fp+p). 

[0261] According to the embodiment, both the first phase compensator 213a for steer with driving and the second 
phase compensator 213b for steer without driving have the transfer function represented by the above formula Gc(s). 
While the first phase compensator 213a and the second phase compensator 213b have mutually different values of the 
parameters of Gc(s), these values are selected from the above ranges. 

For instance, in a case where co n = 2tcX21 Hz, ^ = 1, £ 2 = 0.2 are selected as the parameters of the first phase 
compensator 213a for steer with driving, co n = 2tcX20 Hz, ^ = 1, £ 2 = 0.2 may be selected as the parameters of the 
second phase compensator 213b for steer without driving, whereby these phase compensators 213a, 213b may have 
different characteristics. 

[0262] In the above example, the value of co n of the second phase compensator 21 3b for steer without driving is smaller 
than that of the first phase compensator 21 3a and hence, a damping peak of the second phase compensator 21 3b is 
on a lower frequency side than a damping peak of the first phase compensator 213a. As a result, the second phase 
compensator 213b has higher damping quantity in a low frequency region as a whole. 

On the other hand, the value co n of the first phase compensator 21 3a is greater than that of the second phase compensator 
213b, so that the damping quantity and phase delay in the low frequency region are relatively small during steer with 
driving. Thus, the loadless steering feeling may be lessened. 

[0263] The first phase compensator 213a may also have the parameter values varied according to the vehicle speed. 
For instance, the parameters may be set to co n = 2tiX21 Hz, ^ = 1 , £ 2 = °- 2 when the vehicle speed is low, whereas the 
parameters may be set to co n = 2tcx23 Hz, ^ = 1 , £ 2 = 0.3 when the vehicle speed is medium or above. The damping 
peak may be shifted to a high frequency side by increasing the value of <o n , whereas the damping quantity may be 
decreased by increasing the value of £ 2 . Thus, the steering feeling may be improved even further. 
[0264] According to the embodiment, the first phase compensator 21 3a and the second phase compensator 21 3b are 
discretely provided as the phase compensator and are switched by means of the changeover switch 21 3c. Alternatively, 
the two phase compensators may be replaced by a single phase compensator, while the values of the parameters (co n , 
^ , £ 2 ) of the Gc(s) thereof may be varied depending upon whether the steering assist mode is steer with driving or steer 
without driving. 

It is noted that, the transfer function and the characteristics of the phase compensator are not limited to the above. 
5.4. Compensation for Transverse Vehicle Wandering 
5.4.1. Consideration for Transverse Vehicle Wandering 

[0265] The electric power steering system encounters a phenomenon wherein because of the differences of mechanical 
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efficiencies of the manual steering gears and a vehicular support portion or the differences of the rotational directions 
of frictional elements, the vehicle slightly wanders rightward or leftward although the driver tries to retain the steering 
torque in a neutral-steering position (position of zero steering torque). In straight-ahead driving, therefore, the driver 
must keep applying the steering torque in the opposite direction to the direction of vehicle wandering. This results in a 
degraded steering feeling. 

Prior Art 15 provides difference between a rightward-steering assist characteristic and a leftward -steering assist char- 
acteristic such as to cancel a difference between a rightward-steering load and a leftward -steering load of the vehicle. 
According to Prior Art 1 5, however, an assist torque for preventing the transverse vehicular wandering is not applied to 
the steering shaft in the neutral-steer position so that the transverse vehicular wandering is not obviated. A steering 
torque in the opposite direction to the direction of the vehicle wandering is required for preventing the vehicle wandering. 
This results in the degraded steering feeling. 

[0266] The following constitution may be adopted to improve the steering feeling by preventing the vehicle wandering. 
Specifically, a preferred electric power steering system comprising means for determining a value of assist control current 
(target motor current value) for causing the motor 9 to generate an assist torque according to a steering torque detected 
by a torque sensor is characterized in that a value of wandering compensating current for causing the motor to generate 
a torque for preventing vehicle wandering is added (as an offset value) to the assist control current value. 
According to the constitution, the compensating current value equivalent to the torque for preventing the transverse 
vehicle wandering is added to the assist control current value. Hence, the vehicle wandering may be obviated without 
the steering torque applied by the driver for preventing the vehicle wandering. Thus is improved the steering feeling. 
[0267] Furthermore, the wandering compensating current may be varied according to the vehicle speed. For instance, 
in the case of vehicle speed = 0 so that the vehicle does not wander, the wandering compensating current is not applied. 
The wandering compensating current may be applied only when the vehicle is running. Alternatively, the wandering 
compensating current may be so varied as to be progressively (contiguously) increased according to the increase of the 
vehicle speed. 

5.4.2. Preferred Mode of Suppressing Transverse Vehicle Wandering 

[0268] A processing for suppressing the vehicle wandering is carried out by the ECU 1 05 (target current-value calculator 
214) executing a computer program. 

As shown in FIG. 43, when the vehicle speed sensor 104 detects the vehicle speed Vs (Step S1) whereas the torque 
sensor 7 detects the steering torque Ts (Step S2), the target current-value calculator 14 calculates the assist control 
current value as the target motor current value (Step S3). This calculation is performed using the assist map (FIG. 36) 
showing the relation between the steering torque Ts and a target motor current value Is (on a per-speed basis). The 
assist map 32 of FIG. 36 defines a region near the steer-torque neutral position (zero-torque position) is defined as the 
dead zone. Hence, an assist torque (target current value Is) corresponding to the position is at 0. 
[0269] The ECU 1 05 also performs a wandering compensating current calculation (Step S4). It is noted here that the 
compensating current has a fixed value set by an experiment or tuning such as not to provide the uncomfortable steering 
feeling. 

The wandering compensating current value, as the offset value, is added to the assist control current value (Step S5), 
whereby a characteristic is obtained which is equivalent to the characteristic of the assist map shown in FIG. 36 shifted 
in a vertical direction (Is-axis direction). 

The compensating current value is added to the assist control current value thereby causing the motor 9 to generate 
the torque to prevent the transverse vehicle wandering. Thus, the vehicle wandering may be prevented although the 
driver does not apply the steering torque in the opposite direction to the direction of the vehicle wandering. As a result, 
the degradation of the steering feeling may be obviated. 

The assist control current value combined with the compensating current value is used for the feedback control of the 
motor 9. The feedback controller 400 performs a calculation of motor current control (Step S6) and outputs a control 
value to the motor (Step S7). 

[0270] As also shown in FIG. 44, the control flow may be arranged such that the compensating current value is not 
added in a case where the vehicle speed is zero and that the compensating current value is added only when the vehicle 
is running. As indicated by Step S 1 4 in FIG. 44, if the vehicle speed is zero, the calculation of the wandering compensating 
current (Step S 15) and the addition of the wandering compensating current (Step S 16) are omitted, while the control 
is provided using the assist control current value determined in Step S13 (the same calculation as that of Step S3). 
Unless the vehicle speed is zero, the same processes related to the wandering compensating current as those of FIG. 
43 (Steps S 1 5, S 1 6) may be performed. When the vehicle is at standstill so that there are no difference of the rotational 
directions of the frictional elements and the like which cause the problem of the vehicle wandering, a more proper control 
may be provided by inhibiting the addition of the wandering compensating current. 

[0271] The above compensating current value may be a function of the vehicle speed. Specifically, a vehicle speed 
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gain G(v) against the vehicle speed may be previously defined as shown in FIG. 45, so that the compensating current 
value may be determined based on an equation: compensating current value =lc-G(v) (where Ic denotes the fixed current 
value). According to FIG. 45, the vehicle speed gain at vehicle speeds of zero or so is set to zero, and is contiguously 
increased with the increase of the vehicle speed. The vehicle speed gain is set to one when the vehicle speed exceeds 
5 a predetermined value. 

5.5. Compensation for Temperature Characteristic of Current Detector 

5.5.1. Consideration for Temperature Characteristic of Current Detector 

10 

[0272] The electric power steering system is provided with the torque sensor for detecting the steering torque applied 
to the handle as the steering means for steering purpose. The target value of the current to be supplied to the electric 
motor (hereinafter, referred to as "target current value") is determined based on the steering torque detected by the 
torque sensor. The proportional-plus-integral calculation is performed based on the difference between the target current 
15 value and the value of the current actually flowing through the electric motor, so as to generate a command value to be 
applied to driving means of the electric motor. 

The driving means of the electric motor includes: a PWM signal generating circuitfor generating a pulse-width modulation 
signal (hereinafter, referred to as "PWM signal") having a duty ratio corresponding to the command value; and a motor 
drive circuit constituted by a power transistor ON/OFF controlled according to the duty ratio of the PWM signal. Thus, 
20 the driving means is adapted to apply a voltage corresponding to the duty ratio to the electric motor. The current caused 
to flow through the electric motor by such voltage application is detected by the current detector. The difference between 
the target current value and the detected current value is used as the difference based on which the above command 
value is generated. 

[0273] In the electric power steering system employing the three-phase brushless motor, it is a common practice to 
25 provide the current detectors for any two of the three phases of the motor. For instance, the current detectors for the U- 
phase and V-phase are provided for detecting the U-phase current and the V-phase current of the current flowing through 
the motor. 

[0274] The aforementioned constitution may sometimes encounter an event where the detector actually detects some 
current through the motor although the current to be applied to the motor is set to zero. Such a detected current is called 

30 an offset current. A value of the current detected by the detector during the operation of the motor indicates a value of 
the current including the current through the motor and the offset current superimposed thereon. The value of such an 
offset current varies from one-phase current detector to another. If the motor control is provided disregarding the influence 
of the offset current, there occurs an error between the current to be applied to each phase of the motor and the current 
actually applied to each phase. This leads to the occurrence of the torque ripple, which is perceived by the driver steering 

35 the handle as the uncomfortable steering feeling. 

[0275] The conventional steering system eliminates the aforementioned influence of the offset current as follows. The 
system retains a correction value equivalent to the offset current (hereinafter, referred to as "offset correction value"), 
such as to correct the detected current value by subtracting the offset correction value from the detected current value 
supplied from the current detector. Specifically, a current value detected by the current detector at switch-on of the 

^o ignition switch is retained as the offset correction value. During the operation of the motor, the detected current value is 
corrected by subtracting the offset correction value from the detected current value supplied from the current detector. 
Subsequently, the motor control is provided based on the corrected current value. 

[0276] During the operation of the motor, however, the offset current occurring in the current detector varies due to 
the influence of temperature fluctuations. Because of the influence of temperature fluctuations, a gain, namely a ratio 

45 of an output value to a measurement value (input value) of the current detector also varies. The gain is equivalent to an 
inclination of straight line representing a correlation between the measurement value and the output value. The conven- 
tional constitution provides the motor control which takes into account the offset current detected at switch-on of the 
ignition switch. However, when significant variations of the offset current and the gain are induced by the temperature 
fluctuations, the correction only using the initial offset correction value cannot offer an adequate effect. 

50 [0277] The following constitution may be adopted to obviate the torque ripple so as to provide a smooth steering feeling 
even when the offset current in the current detector and the gain are varied due to the temperature fluctuations during 
the operation of the motor. 

[0278] That is, a preferred electric power steering system operating to drive a brushless motor based on a target 
current value decided according to a vehicle steering operation, thereby applying a steering assist force to a steering 
55 mechanism of a vehicle, the system comprises motor-current detecting means for detecting a current flowing through 
the brushless motor and outputting a detected current value; temperature detecting means for detecting a temperature 
at place in the vicinity of the motor current detecting means; correcting means for correcting the detected current value 
according to the detected temperature value; motor control means for generating a command value based on a difference 
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between the target current value and a corrected detection current value corrected by the correcting means, the command 
value used for driving the brushless motor; and a motor drive circuit for driving the brushless motor according the 
command value. 

According to the above constitution, the current value detected by the motor-current detecting means is corrected 
5 according to the temperature, whereby a value of the current actually flowing through the motor may be determined. 

Therefore, the value of the current flowing through the motor may be determined correctly even if the current value 

detected by the motor-current detecting means is varied due to the influence of temperature fluctuations. Thus, the 

occurrence of the torque ripple is prevented, so that the system is able to provide the smooth steering feeling to the driver. 

[0279] It is preferred that the correcting means includes: offset-correction value setting means for setting a predeter- 
10 mined offset correction value according to the detected temperature, the offset correction value used for correcting the 

offset current occurring in the motor-current detecting means; and current-value correcting means for correcting the 

detected current value based on the offset correction value. 

According to the constitution, the value of the current actually flowing through the motor may be determined by defining 
the predetermined offset correction value according to the temperature, and performing the predetermined correction 

15 such as to subtract the above offset correction value from the current value detected by the motor-current detecting 
means. Therefore, the value of the current flowing through the motor may be determined correctly, even if the offset 
current occurring in the motor-current detecting means is varied due to the influence of the temperature fluctuations. 
Accordingly, the torque ripple caused by the variations of the offset current is obviated, so that the system is able to 
provide the smooth steering feeling to the driver. 

20 [0280] It is preferred that the correcting means further includes coefficient defining means for defining a gain correction 
coefficient according to the detected temperature, the gain correction coefficient used for correcting the variations of the 
gain as the ratio of the output value to the input value of the motor-current detecting means, and that the current-value 
correcting means corrects the detected current value based on the offset correction value and the gain correction 
coefficient. 

25 According to the above constitution, the value of the current actually flowing through the motor may be determined by 
defining the predetermined offset correction value according to the temperature, defining the predetermined gain cor- 
rection coefficient according to the temperature, and performing the predetermined correction processing such as to 
multiply a difference by the above gain correction coefficient, the difference obtained by subtracting the above offset 
correction value from the current value detected by the motor-current detecting means. 

30 Therefore, the value of the current flowing through the motor is determined correctly, even if the offset current occurring 
in the motor-current detecting means or the gain of the motor-current detecting means is varied due to the influence of 
the temperature fluctuations. Accordingly, the torque ripple caused by the variations of the offset current or of the gain 
is obviated, so that the system is able to provide the smooth steering feeling to the driver. 

35 5.5.2. Preferred Mode of Compensation for Temperature Characteristic 

[0281] As shown in FIG. 27, a temperature detector 240 is disposed in the vicinity of the U-phase current detector 
181 and the V-phase current detector 182, so as to detect the temperatures of the U-phase current detector 181 and 
the V-phase current detector 182 for outputting temperature values h indicative of the temperatures of the current 
^o detectors. 

[0282] The detected current-value correcting portion 250 updates the predetermined offset correction value and gain 
correction coefficient based on the U-phase current detection value iu, the V-phase current detection value iv, the 
temperature value h and the like. It is noted here that the offset correction value is a value for eliminating the influence 
of the offset current which is detected by the current detector when the current to be applied to the motor is zero. The 

45 gain value is a ratio of the output value to the measurement value (input value) of the current detector. Hence, the gain 
value is equivalent to the inclination of the straight line representing the correlation between the measurement value 
and the output value. As will be described hereinafter, the gain correction coefficient is a coefficient defined according 
to the temperature in order to correct the gain value varied due to the temperature fluctuations. Specifically, the gain 
correction coefficient is an inverse of a ratio of the gain value to a gain value which is used as a reference at the 

50 temperature when the correction is made. 

[0283] The detected current-value correcting portion 250 subtracts the offset correction value from each of the U- 
phase current detection value iu and the V-phase current detection value iv. Then, the detected current-value correcting 
portion multiplies the respective subtraction results by the gain correction coefficient thereby correcting the U-phase 
current detection value iu and the V-phase current detection value iv. These corrected current values are outputted as 

55 a U-phase motor current value imu and a V-phase motor current value imv. In this manner, the offset current value varied 
due to the temperature fluctuations is corrected by subtracting the offset correction value from the detected current 
value, while the gain value varied due to the temperature fluctuations is corrected by multiplying the subtraction results 
by the gain correction coefficient. A detailed description on the correction processing operation by the detected current- 



52 



EP 1 767 436 A1 



value correcting portion 250 will be made hereinafter. 

[0284] Based on the electrical angle 6re of the rotor, the three-phase-AC/d-q coordinates converter 229 converts the 
U-phase motor current value imu and the V-phase motor current value imv to a d-axis motor current value id and a q- 
axis motor current value iq which are the values on the d-q coordinates. The d-axis motor current value id and the q- 

5 axis motor current value iq are inputted to the subtracter 223 and the subtracter 224, respectively. 

[0285] Next, description is made on the correction processing by the detected current-value correcting portion 250. 
FIG. 46 is a flow chart showing a procedure for correcting the detected current value. It is noted that the functions of the 
detected current-value correcting portion 250 of FIG. 27 are implemented by executing Step S120, Step S130, Step 
S140, Step S150, Step S170, Step S180 and Step S190 shown in this flow chart. 

10 [0286] The electric power steering system operates as follows. When the ignition switch is turned on (Step S1 1 0), the 
microcomputer (ECU 1 05) sets initial-values of the parameters (variables) which are referred to in the programs executed 
by the microcomputer (Step S120). Specifically, a U-phase offset correction value iou and a V-phase offset correction 
value iov are set to zero, while a U-phase gain correction coefficient gu and a V-phase gain correction coefficient gv are 
set to one. When these U-phase offset correction value iou, V -phase offset correction value iov, U-phase gain correction 

15 coefficient gu and V-phase gain correction coefficient gv (hereinafter, these values are collectively referred to as "cor- 
rection value") are to the initial values, the operation flow proceeds to Step S130. 

[0287] In Step S1 30, the U-phase current detection value iu detected by the U-phase current detector 181 and the V- 
phase current detection value iv detected by the V-phase current detector 1 82 are set to the U-phase offset correction 
value iou and the V-phase offset correction value iov, respectively. That is, the values of the offset currents produced 

20 in the U-phase current detector 1 81 and the V-phase current detector 1 82 immediately after the switch-on of the ignition 
switch are set as the U-phase offset correction value iou and the V-phase offset correction value iov, respectively. In 
Step S 130, the gain correction coefficient corresponding to the temperatures h detected by the temperature detector 
240 are also set as the U-phase gain correction coefficient gu and the V-phase gain correction coefficient gv. The gain 
correction coefficient corresponding to the temperature h is calculated based on a table or a mathematical equation 

25 correlating the temperature h with the gain correction coefficient. The table or the mathematical equation is based on 
predetermined values obtained by measuring the gain variations associated with the temperature fluctuations, for ex- 
ample. The table or the mathematical equation is previously stored in the detected current-value correcting portion 170. 
When the correction values are set as described above, the operation flow proceeds to step S 140. 
[0288] In Step S140, differences (quantities of deviation) of the U-phase offset correction value iou and the V-phase 

30 offset correction value iov from predetermined offset reference values corresponding to the temperature h detected by 
the temperature detector 240 are calculated as a U-phase offset difference value dou and a V-phase offset difference 
value dov, respectively. The offset reference value is obtained by measuring an offset current of a predetermined current 
detector as a reference at each temperature level. Hence, the offset reference value principally corresponds to the 
temperature of the temperature detector of interest. The correlation between the temperature and the offset reference 

35 value is previously stored in the detected current-value correcting portion 250 as the predetermined table or mathematical 
equation. It is noted that the current detector as the reference is different from the U-phase current detector 1 81 or the 
V-phase current detector 1 82, so that the U-phase current detection value iu detected by the U-phase current detector 
1 81 and the V-phase current detection value iv detected by the V-phase current detector 1 82 each have a certain quantity 
of deviation from the current value detected by the current detector as the reference, the deviation occurring according 

^o to the individual variability of the detectors. The above difference values as the deviation quantities are used in a 
processing of Step S 180 to be described hereinafter. The above offset reference value may also be a mean value of 
the offset current values of plural current detectors as measured at each temperature level. 

[0289] In Step S 150, the temperature h detected by the temperature detector 240 is stored as a temperature at the 
time of setting. Subsequently, the relay is closed (turned ON) (Step S 160). 

45 [0290] In Step S 170, the present temperature h detected by the temperature detector 240 is compared with the 
temperature at the time of setting and determination is made as to whether a temperature difference therebetween 
exceeds a predetermined threshold or not. If the temperature difference exceeds the threshold, the operation flow 
proceeds to Step S 1 80. If not, the operation flow proceeds to Step S200, omitting processes of Step S 1 80 and S 1 90. 
[0291 ] In Step S 1 80, an offset reference value corresponding to the presenttemperature h detected by the temperature 

50 detector 240 is calculated based on the predetermined table or mathematical equation described above. Alternative U- 
phase offset correction value iou and V-phase offset correction value iov are calculated by adding the U-phase offset 
difference value dou and V-phase offset difference value dov calculated in Step S 140 to the offset reference value thus 
calculated, respectively. In Step S 180, the gain correction coefficients corresponding to the temperature h detected by 
the temperature detector 240, as calculated based on the predetermined table or mathematical equation described in 

55 step S130, are set again as the U-phase gain correction coefficient gu and the V-phase gain correction coefficient gv. 
When the correction values are updated as described above, the operation flow proceeds to Step S 190. 
[0292] In Step S 1 90, the temperature at the time of setting is updated by deleting the stored temperature at the time 
of setting and re-storing the present temperature h detected by the temperature detector 240 as the temperature at the 
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time of setting. Subsequently, the operation flow proceeds to Step S200. 

[0293] In Step S200, the detected current-value correcting portion 250 subtracts the U-phase offset correction value 
iou from the U-phase current detection value iu, corrects the U-phase current detection value iu by multiplying the 
subtraction result by the U-phase gain correction coefficient gu, and outputs the corrected value as the U-phase motor 

5 current value imu. Furthermore, the detected current-value correcting portion 250 subtracts the V-phase offset correction 
value iov from the V-phase current detection value iv, corrects the V-phase current detection value iv by multiplying the 
subtraction resultant by the V-phase gain correction coefficient gv, and outputs the corrected value as the V-phase motor 
current value imv. The aforementioned motor driving process is performed based on these output current values. 
[0294] In Step S21 0, determination is made as to whether the ignition switch is turned off or not. If the ignition switch 

10 is turned off, the aforementioned process is terminated so that the electric power steering system is deactivated. If not, 
the operation flow returns to Step S 1 70, so that the processes of Step S 1 70 to Step S21 0 are repeated while the electric 
power steering system is operated. 

According to the electric power steering system of the embodiment as described above, the offset correction value 
detected at switch-on of the ignition switch is updated according to the temperature fluctuating during the operation of 

15 the motor, while the gain correction coefficient is updated according to the temperature fluctuations. The value obtained 
by subtracting the above offset correction value from the current value detected by the current detector is multiplied by 
the above gain correction coefficient, whereby the value of the current actually flowing through the motor is determined. 
Therefore, the correct value of the current flowing through the motor may be determined even though the offset current 
occurring in the current detector and the gain of the current detector are varied due to the influence of the temperature 

20 fluctuations. Thus is prevented the torque ripple caused by the varied offset current and gain. Hence, the electric power 
steering system is capable of providing the smooth steering feeling to the driver. 

5.5.3. Modifications 

25 [0295] According to the above embodiment, the offset correction value and the gain correction coefficient are updated 
according to the temperature fluctuations, while the value obtained by subtracting the above offset correction value from 
the current value detected by the current detector is multiplied by the above gain correction coefficient thereby to 
determine the value of the current actually flowing through the motor. However, an alternative constitution may also be 
adopted wherein only the offset correction value is updated according to the temperature fluctuations as disregarding 

30 the above gain variations and wherein the above offset correction value is subtracted from the current value detected 
by the current detector thereby to determine the value of the current actually flowing through the motor. This constitution 
does not correct the varied gain of the current detector. In a case where the gain variation is small, this constitution is 
adapted to prevent the torque ripple caused by the varied offset current, thus providing the smooth steering feeling to 
the driver. 

35 [0296] According to the above embodiment, the U-phase current and the V-phase current are detected by the U-phase 
current detector 1 81 and the V-phase current detector 1 82, respectively. However, a W-phase current detector may also 
be added to detect the W-phase current. While motor 9 of the above embodiment is the three-phase brushless motor, 
a brushless motor having n-phases (n denoting an integer of 4 or more). In this case, (n-1) or more current detectors 
are provided in correspondence the individual phases. 

40 

5.6. Phase Alignment in Reduction Gear Assembly 

5.6.1 . Consideration for Mesh of Gear Teeth of Reduction Gear Assembly and Torque Variations thereof 

45 [0297] One of important performances of the electric power steering system is the smooth steering feeling during 
driving or particularly when the steering member is in the neutral position. 

On the other hand, the ripple (pulsation) of the output torque encountered by the electric motor is classified broadly into 
the cogging torque caused by structural factors such as the number of poles, slots and the like of the motor, and the 
electrical ripple occurring in the motor as a result of the induced electromotive force having the waveform distorted 

50 relative to the idealistic waveform. Of these ripples, the cogging torque of the electric motor is responsible for seriously 
degrading the steering feeling when the steering member is in the neutral position. In the electric power steering systems 
of this type, efforts have heretofore been made to reduce the cogging torque itself occurring in the electric motor by 
improving the combination of the poles number and slots number of the motor (Prior Art 7), by improving a teeth con- 
figuration (Prior Art 18) or such. 

55 [0298] However, the conventional measures for reducing the cogging torque by improving the internal structure of the 
electric motor have a drawback that the electric motor per se is complicated in structure and increased in cost, resulting 
in an increased manufacture cost of the electric power steering system. 

On the other hand, in the electric power steering systems of this type, the torque ripple occurs not only in the electric 
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motor but also in the reduction gear assembly, for example, which transmits the motor output to a steer-assisted shaft 
(output shaft 24) as reducing the rotational speed of the output shaft of the motor. Specifically, such a reduction gear 
assembly encounters the torque variations according to the degree of meshing engagement between gears. The torque 
variations are particularly significant in a case where one of the gears is pressed against the other gear in order to obviate 
a gear-to-gear backlash. 

[0299] Therefore, the electric power steering systems of this type may not be able to prevent the degraded steering 
feeling so effectively by merely reducing the cogging torque of the electric motor itself because if the reduction gear 
assembly encounters the torque variations, the varied torque is transmitted to the steer-assisted shaft. 
Therefore, the following constitution may be adopted to prevent the degradation of the steering feeling of the electric 
power steering system at lower cost. The constitution is designed to easily suppress the torque variations at the steer- 
assisted shaft although the cogging torque of the electric motor is not reduced. 

[0300] That is, a preferred electric power steering system comprises: a steer-assisted shaft (such as the output shaft) 
as a power assist subject operatively connected to a steering member; a torque sensor for detecting a steering torque 
based on a relative rotational displacement of the steering member; an electric motor for secondarily driving the steer- 
assisted shaft into rotation based on the detection result supplied from the sensor; and a reduction gear assembly for 
transmitting the rotation of an output shaft of the motor to the steer-assisted shaft as reducing the rotational speed of 
the motor, and is characterized in that the reduction gear assembly is designed to involve torque variations associated 
with the rotation thereof, which have substantially the same cycle as that of a cogging torque of the electric motor and 
the opposite phase to that of the cogging torque. 

[0301] In this case, the torque of the reduction gear assembly is varied substantially in the same cycle as that of the 
cogging torque of the electric motor and in the opposite phase to that of the cogging torque so that these torques cancel 
each other. Therefore, the torque variations of the steer-assisted shaft may be easily suppressed without decreasing 
the cogging torque of the electric motor. 

In the brushless motor containing therein the rotor having the n-poles and s-poles of permanent magnets arranged in a 
circumferential direction thereof, as will be described in an embodiment to be described hereinafter, it is known that the 
rotor rotated at an extremely low speed produces ripple containing as many waves as the number of poles (the total 
number of the s-poles and n-poles) in one revolution. In a case where the first gear and the second gear are meshed 
with each other in a substantially backlash-free state, on the other hand, torque variations of the first gear as seen from 
the second gear constitute ripple containing as many waves as the number of teeth of the first gear. 
[0302] It is therefore preferred that the above reduction gear assembly includes: the first gear (driving gear) coaxially 
coupled to the output shaft of the electric motor and having as many teeth as the number of poles of the motor; and the 
second gear (driven gear) mounted to the steer-assisted shaft (output shaft) in a manner to be meshed with the first 
gear. In this case, the first gear coaxially coupled to the output shaft of the electric motor has as many teeth as the 
number of poles of the motor. Therefore, if the meshing engagement between the first gear and the second gear is 
adjusted in a manner that the bottom of the first gear is aligned with the tooth tip of the second gear when the cogging 
torque of the electric motor is at maximum (when the torque variation of the first gear is at minimum), it is ensured that 
the torque variation of the reduction gear assembly and the cogging torque of the electric motor cancel each other. 

5.6.2. Preferred Mode of Reducing Torque Variations 

[0303] As shown in FIG. 1 , the reduction gear assembly 8 includes: the first gear 82 as the driving gear constituted 
by a spiral gear coupled to the output shaft 91 of the electric motor 9; and the second gear 81 as the driven gear unitarily 
rotatably fitted on the steer-assisted shaft (output shaft 24) as the power assist subject. The second gear 81 is constituted 
by an involute helical gear rotated about an axis parallel to an axis of the first gear 82 and having a greater number of 
teeth than that of the first gear 82. The second gear is meshed with a substantially intermediate portion of the first gear 
82 with respect to the axial direction thereof. Therefore, the revolving motion of the output shaft 91 of the electric motor 
9 is transmitted to the output shaft 24 as decelerated by way of the meshing engagement between the first gear 82 and 
the second gear 81 . 

The first gear 82 is rotatably carried on the two bearings 82a, 82b, which each have an elastic ring (O-ring) 84 fitted 
thereon. Thus, the bearings 82a, 82b are mounted to a reduction-gear housing 85 by means of the elastic rings 84. 
These elastic rings 84, 84 serve to resiliently pressurize the first gear 82 and the second gear 81 toward each other. 
Even when the first gear 82 and the second gear 81 are worn at their tooth flanks due to long term use, these gears 81 , 
82 are effectively maintained in mutual contact in accordance with the wear, whereby the occurrence of backlash may 
be avoided. 

[0304] The electric motor 9 includes the brushless motor containing therein the rotor having the n-poles and s-poles 
of permanent magnets arranged in a circumferential direction thereof. The embodiment employs, as the motor 9, a 
brushless motor having five pairs of s-poles and n-poles (ten poles in total) and four sets of stators (a total number of 
12 stators for three phases of U, V, W). When the rotor (output shaft 91) is rotated at an extremely low speed, such an 
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electric motor 9 produces ripple (cogging torque T1 ) containing as many waves as the number of poles (1 0 poles in the 
embodiment) in one revolution, as shown in FIG. 1(a). 

[0305] On the other hand, the reduction gear assembly 8 of the embodiment has the first gear 82 and the second gear 
81 meshed with each other as maintained in a substantially backlash-free state byway of the urging forces of the elastic 

5 rings 84. In this case, as shown in FIG. 47(b), the reduction gear assembly produces ripple (torque variation T2) containing 
as many of waves as the number of teeth of the first gear 82 in one revolution. The ripple constitutes the torque variation 
as seen from the second gear 81 . Such a torque variation T2 caused by the first gear 82 is at maximum when the first 
gear 82 and the second gear 81 are in a meshing engagement shown in FIG. 48(a), where a tooth tip 82A of the first 
gear is aligned with a bottom 81 B of the second gear 81 . Conversely, the torque variation is at minimum when the first 

10 gear and the second gear is in a meshing engagement shown in FIG. 48(b), where a bottom 82B of the first gear 82 is 
aligned with a tooth tip 81 A of the second gear 81 . 

[0306] According to the embodiment, therefore, a gear having ten teeth which is the same number of the poles of the 
electric motor is employed as the first gear 82 coaxially coupled to the output shaft 91 of the electric motor 9. Thus, the 
per-revolution waves number of the cogging torque T1 of the electric motor 9 is matched with the per-revolution waves 

15 number of the torque variation T2 of the first gear 82. In addition, a coupling angle about a rotational axis between the 
first gear 82 and the output shaft 91 is adjusted such that the first gear 82 is meshed with the second gear 81 in a manner 
to bring the bottom 82B thereof into alignment with the tooth tip 81 A of the second gear 81 when the cogging torque T1 
of the electric motor 9 is at maximum. Thus is provided the arrangement wherein the cogging torque T1 of the electric 
motor 9 and the torque variation T2 of the first gear 82 substantially have the same cycle and the opposite phases. 

20 [0307] In the electric power steering system according to the embodiment, therefore, the ripple (T1 in FIG. 1 (a) and 
the ripple T2 in FIG. 1 (b)) occurring in the electric motor 9 and the reduction gear assembly 8 cancel each other as 
shown in FIG. 47(c), so that a torque variation T3 occurring at the second steering shaft 24 as the steer-assisted shaft 
may be substantially eliminated. Accordingly, the torque variation T3 occurring at the second steering shaft 24 may be 
easily suppressed even when the cogging torque T1 in the electric motor 9. 

25 

6. N on- Interactive Control 

[0308] As shown in FIG. 27, the ECU 1 05 includes a non-interactive control calculator 450 for providing a non-interactive 
control of the motor 9. 

30 it is noted here that the term "interaction" means that when an operation quantity of one of plural control system is varied, 
an operation quantity of any other control is varied. On the other hand, the term "non-interactive control" means a control 
which inhibits the interaction between the interactive control systems so as to handle the control systems as non- 
interactive, independent systems. 

In a control wherein measured values of the d-axis current and the q-axis current are fed back to the respective target 
35 values of the d-axis current and the q-axis current of the brushless motor 9, as described above, the induced electromotive 
force of the motor 9 causes interaction between a d-axis control system and a q-axis control system. That is, varying 
the target value of the d-axis current affects the measured value of the q-axis current, whereas varying the target value 
of the q-axis current affects the measured value of the d-axis current. The interaction between the q-axis current and 
the d-axis current appears as an electrical viscous friction, which constitutes a factor to decrease a motor efficiency. 
^o The no n -interactive control calculator (n on -interactive control means) 450 serves to obviate the interaction between the 
q-axis and the d-axis and performs a decoupling calculation based on the motor angular speed calculated based on the 
dq-axes currents (id, iq) as the measured values and the rotational angle of the motor. 

The detected d-axis current id is affected by a control system dedicated to the q-axis, whereas the detected q-axis 
current iq is affected by a control system dedicated to the d-axis. However, the decoupling calculation eliminates such 
45 an interaction. 

Specifically, the non-interactive control calculator 450 corrects dq-axes target voltages generated by the PI controllers 
225, 226 so as to generate decoupled dq-axes target voltages (V*d, V*q), which are applied to the d-q/three-phase-AC 
coordinates converter 227. 

In the control of the brushless motor 9, the electrical viscous friction may be decreased by providing the q-axis/d-axis 
50 non-interactive control whereby the motor efficiency may be increased. 

7. Damping of Road Noise in Rack Shaft 
7.1. Consideration for Road Noise 

55 

[0309] In order to prevent the degradation of the steering feeling, the steering system is required of suppressing the 
disturbances (noises from road surface; road noises) inversely inputted from the steerable wheels to the steering mech- 
anism according to the conditions of the road surface on which the vehicle travels. 
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In this connection, some of the conventional systems are arranged to cut off an unwanted frequency band of the above 
road noises thereby preventing an adverse effect of the disturbances on the steering mechanism (Prior Art 2). 
On the other hand, some of the conventional systems have a constitution wherein a bush assembly part formed of a 
rubber-like elastic material is interposed as a damper between the rack shaft included in the steering mechanism and 
a ball joint connected to the steerable wheel, such as to damp the road noises, as taught by Prior Art 1 9, for example. 
[0310] However, the aforementioned disturbances include some road information (the degree of steerable-wheel slip 
on the road surface, and the like) to be physically perceived by the driver via the steering member. It is extremely difficult 
to exclusively cut off the unwanted frequency band. In consequence, the conventional systems have a problem that the 
unwanted road noises are inversely inputted to the steering mechanism, thus causing vibrations or degrading the steering 
feeling. Specifically, the conventional system such as that of Prior Art 2 which controllably cuts off the unwanted frequency 
band tends to make improper definition of the cut-off frequencies, thus failing to assuredly eliminating the adverse effect 
of the road noises. On the other hand, the conventional system, such as that of Prior Art 19 which employs the bush 
assembly part (damper), entails the degraded steering feeling as a result of the damper damping necessary road infor- 
mation. In addition, the system of Prior Art 19 has another drawback. In order to prevent the decrease of vibration 
absorptivity at the bush assembly part, an air-dischargeable cylinder shaft is interposed between the bush assembly 
part and the ball joint and is connected with the bush assembly part. Hence, the system has a complicated and large 
structure. 

[0311] The following constitution may be adopted which has a simple structure for assuredly preventing the road 
noises from adversely affecting the steering mechanism, thereby avoiding the degradation of steering feeling. 
That is, a preferred electric power steering system for providing steering assist by applying a power of an electric motor 
to a steering mechanism extending from a steering member to steerable wheels is characterized in that the steering 
mechanism comprises: a rack shaft connected with the steerable wheels at the transversely opposite ends thereof; and 
a viscoelastic member having predetermined viscous friction and elasticity, and that the viscoelastic member is provided 
in a manner that the viscous friction and elasticity of the viscoelastic member act on the rack shaft. 
[031 2] The inventors have found that the electric power steering system of the above constitution is capable of cutting 
off the unwanted frequency band of the disturbances (road noises) inversely inputted from the steerable wheels connected 
with the rack shaft by virtue of the provision of the viscoelastic member adapted to apply the viscous friction and elasticity 
thereof to the rack shaft. The inventors and the like noted that frequency dependency may be imparted to the road noises 
inversely inputted from the steerable wheels to the rack shaft by applying the viscous friction and elasticity of the 
viscoelastic member to the rack shaft. This approach differs from the technique of Prior Art 19 in the manner to apply 
the elasticity and friction to the rack shaft. The inventors and the like also noted that a wanted frequency band and the 
unwanted frequency band of the road noises are located on a low-frequency side (e.g., less than 10 Hz) and a high- 
frequency side (e.g., 1 0 Hz or more), respectively. The inventors and the like have also found that only the road noises 
in the high-frequency band can be cut off by way of the viscous friction and elasticity of the viscoelastic member. 
[0313] The above electric power steering system may preferably satisfy the following inequality (81): 

2(KJ) 1/2 < C ... (81), 

where C denotes the viscous friction constant of the above viscoelastic member; K denotes the elastic constant of the 
viscoelastic member; and J denotes the inertia of the rack shaft as determined at the steerable-wheel side. 
In this case, vibrations (resonance) at a secondary vibration system formed between the rack shaft and the steerable 
wheels are assuredly prevented by way of the viscous friction and elasticity of the above viscoelastic member. Thus, 
the degraded steering feeling resulting from the vibrations may be more effectively obviated. 

[031 4] In the above electric power steering system, the viscoelastic member may comprise: an inner cylinder; an outer 
cylinder surrounding the inner cylinder via a gap; an elastic material interconnecting the inner cylinder and the outer 
cylinder and having the elastic constant K; and a viscous material filled in the gap between the inner cylinder and the 
outer cylinder and having the viscous friction constant C. 

In this case, the viscoelastic member integrating the above elastic material and viscous material is used so that the 
member may be easily assembled in the system. Furthermore, the simple structure is adapted to suppress the vibrations 
at the steering mechanism whereby the degradation of the steering feeling may be easily obviated. 
[031 5] It is preferred in the above electric power steering system that a highly viscous lubricant is interposed between 
the rack shaft and the viscoelastic member. 

In this case, because of the highly viscous lubricant interposed between the rack shaft and the viscoelastic member, 
the system may be increased in the ability to cut off the unwanted road noises by way of the viscous friction and elasticity 
of the viscoelastic member. Thus, the system more effectively preventing the road noises from adversely affecting the 
steering mechanism may be constructed easily. 
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7.2. Preferred Mode of Viscoelastic Member 

[031 6] As shown in FIG. 1 , disposed in the rack housing 33 accommodating the rack shaft 32 is a cylindrical viscoelastic 
member 500 having predetermined viscous friction and elasticity such that the viscous friction and elasticity thereof may 

5 act on the rack shaft 32. The viscoelastic member 500 is connected to the rack shaft 32 via the highly viscous lubricant 
applied to the rack shaft 32. The lubricant has a selected viscosity such that the lubricant may provide resistance against 
the rack shaft 32 to be moved relatively quickly but may not provide resistance against the rack shaft 32 to be moved 
relatively slowly. The lubricant contributes to the increase of the ability to cut off the road noises unnecessary for the 
motor control, the noise cutoff ability principally based on the viscous friction and elasticity of the viscoelastic member 500. 

10 [0317] Going into details with reference to FIG. 49 as well, the viscoelastic member 500 is formed in one piece in the 
form of a metal container of a double-cylinder structure which includes: an inner cylinder 51 1 a and an outer cylinder 
51 1 b surrounding the inner cylinder 51 1 a via a gap. The container 51 1 is provided with a plurality of beams 51 1 c which 
integrally interconnect the inner cylinder 51 1 a and the outer cylinder 51 1 b as located axially centrally of the container 
51 1 and which are arranged in a circumferential direction at 90° intervals, for example. The beams 51 1c are formed of 

15 a flat spring material, for example, thus constituting an elastic material of the viscoelastic member 500. Furthermore, 
the beams prevent the whole body of the container 51 1 from becoming a rigid body due to the inner cylinder 51 1 a and 
the outer cylinder 51 1b integrally interconnected. On the other hand, a viscous material 512 such as formed from a 
synthetic rubber material is filled in individual gap sections defined between the inner cylinder 51 1 a and the outer cylinder 
511b and partitioned by the beams 511c. The viscous material constitutes the viscous material of the viscoelastic member 

20 500. An inside surface of the inner cylinder 51 1 a is in close contact with an outside surface of the rack shaft 32 via the 
lubricant while an outside surface of the outer cylinder 51 1 b is fixed to an inside surface of the rack housing 33, whereby 
the viscoelastic member 500 is mounted on the rack shaft 32. Thus, the viscoelastic member is adapted to apply the 
elasticity and the viscous friction thereof to the rack shaft 32 transversely moved, as seen in the figure, according to the 
steering of the steering member 1 or the disturbances (road noises) inversely inputted from the steerable wheels 5. The 

25 viscoelastic member may also have an alternative constitution to the above. That is, the individual parts of the container 
51 1 are formed of the same metal material while the elasticity is imparted to the beams by reducing the thickness thereof. 
[031 8] The viscoelastic member 500 applies the viscous friction and elasticity thereof to the rack shaft 32, so that the 
frequency dependency may be imparted to the road noises inversely inputted from the steerable wheels 5 to the rack 
shaft 32. Hence, the viscoelastic member is capable of cutting off the unwanted high-frequency band of 1 0 Hz or more, 

30 for example, which is included in the frequency band of the road noises. More specifically, the rack shaft 32 is moved 
at a relatively low speed and in a long cycle, in a case where the rack shaft 32 is moved according to the steering of the 
steering member 1 or to the road information to be physically perceived by the driver, such as the degree of slip of the 
steerable wheels 5 on the road surface. The viscous friction and elasticity of the viscoelastic member 500 provide little 
resistance against the relatively slow movement of the rack shaft 32, thus permitting the movement of the rack shaft 32. 

35 in contrast, when the rack shaft 32 is moved by the disturbances of the high frequency band unnecessary for the assist 
control of the electric motor 9, the rack shaft 32 is moved at a relatively high speed and in a short cycle. The viscous 
friction and elasticity of the viscoelastic member 500 work as resistance against such a relatively quick movement of 
the rack shaft 32 so as to suppress the movement of the rack shaft 32, whereby the disturbances are prevented from 
being transmitted from the rack shaft 32 to the steering mechanism A. 

40 [0319] In the viscoelastic member 500, the material (compositions) of the viscous material 512 is properly changed 
such that the viscous friction constant C of the viscous material 512 may satisfy the following inequality (81). Thus, the 
viscoelastic member is adapted to easily suppress the vibrations at the vibration system formed between the rack shaft 
32 and the steerable wheels 5. 

45 

2(KJ) 1/2 < C ... (81), 

where J denotes the inertia of the rack shaft 32 as determined at the steerable-wheel side 4; and K denotes the elastic 
50 constant of the viscoelastic member 500 (beams 11c). The viscous friction and elasticity of suitable values may be 
applied to the rack shaft 32 by using the viscoelastic member 500 having such a viscous friction constant C. Thus, the 
vibrations of the above vibration system may be suppressed. 

[0320] More specifically, the above vibration system is represented by a transfer function 1/(Js 2 +Cs+K) of the secondary 
vibration system, the function expressed using the aforesaid inertia J, the elastic constant K and viscous friction constant 
55 c of the viscoelastic member 10, and the Laplace operator s. This transfer function can be expanded to the following 
equations (82) and (83). Therefore, a natural angular frequency con and a damping coefficient £ of the above vibration 
system are represented by the following equations (84) and (85), respectively, on condition that the detonators of the 
equations (82) and (83) are of the same value. 
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l/(Js 2 +Cs+K) = (l/J)/(s 2 +Cs/J+K/J) ... (82) 



= (l/J)/(s 2 +2£a>ns+con 2 ) ... (83) 

1/2 



con = (K/J)" z ... (84) 



10 £ = C/2Jcon = C/2(KJ) 1/2 ... (85). 

It is noted here that if the above damping coefficient £ has a value of one or more, the vibrations (resonance) at the 
secondary vibration system are assuredly prevented. Hence, the aforementioned inequality (81) may be derived from 
15 the above equation (85). 

[0321] A proper range of the above damping coefficient £ may be defined using the following inequality (86): 



0.4<C<2 ... (86). 

Specifically, a value of 0.8(KJ) 1/2 or more is selected for the above viscous friction constant C by selecting a value of 
0.4 or more for the damping coefficient £ defined by the above inequality (86). Hence, the viscoelastic member 500 is 
able to apply the viscous friction and elasticity as the minimum required load (resistance) to the rack shaft 32. Even 
when the disturbances are inputted from the steerable wheels 5, for example, the vibrations of the rack shaft 32 and the 
resultant degradation of the steering feeling may be reduced enough to be hardly perceived by the driver, partly because 
of the resistance applied from the viscoelastic member 500 to the rack shaft 32 and partly because of the use of the 
highly viscous lubricant. 

[0322] In theory, a requirement for preventing step response of the secondary vibration system from overshooting 
relative to steady state is that the damping coefficient £ has a value of 2 _1/2 or more. Specifically, the viscous friction 
constant C may preferably be defined by the above equation (85) to be (2(KJ) 1/2 /2 1/2 ) or more, because the above 
vibration system may constitute a relatively stable system, a natural frequency curve of which includes no peak gain. 
By selecting a damping coefficient £ of 2 or less, the viscous friction and elasticity applied from the viscoelastic member 
500 to the rack shaft 32 may be limited whereby the rack shaft 32 and then, the steering mechanism A may be prevented 
from being decreased in the responsivity. What is more, because of the limited viscous friction and elasticity (resistance) 
applied from the viscoelastic member 500 to the rack shaft 32, the driver may be prevented from suffering an excessively 
increased load during the steering of the steering member 1 . 

[0323] It is noted that in a case where a damping coefficient £ of less than 0.4 is selected, the viscoelastic member 
500 applies insufficient viscous friction and elasticity to the rack shaft 32, so that the above vibration system including 
the rack shaft 32 is not stabilized. Hence, the degradation of the steering feeling due to the vibrations at the vibration 
system is likely to occur. 

In a case where a damping coefficient £ of more than 2 is selected, the viscous friction and elasticity applied by the 
viscoelastic member 500 are increased more than necessary, so that the driver may encounter a relatively difficult 
steering operation. Hence, the steering feeling may be degraded to some degree. 

[0324] In the electric power steering system according to the embodiment of the above constitution, the viscoelastic 
member 500 applies the viscous friction and elasticity to the rack shaft 32 thereby cutting off the unwanted frequency 
band of the disturbances (road noises) inversely inputted from the steerable wheels 5 connected to the rack shaft 32. 
This prevents the road noises of the unwanted frequency band from being inversely inputted to the steering mechanism 
A. Hence, the simple constitution may ensure the reduction of the adverse effect of the road noises on the steering 
mechanism A, thereby obviating the degradation of the steering feeling. Since the viscoelastic member 500 is disposed 
in a free space between the rack shaft 32 and the rack housing 33, the system need not be increased in size. 
Furthermore, the embodiment utilizes the highly viscous lubricant interposed between the rack shaft 32 and the viscoe- 
lastic member 500 for enhancing the ability of the viscoelastic member 500 to cut off the unwanted road noises, the 
ability based on the viscous friction and elasticity of the member. It is therefore easy to construct the system adapted 
for more effective elimination of the adverse effect of the road noises on the steering mechanism A. 
[0325] While the foregoing description illustrates the case where the viscoelastic member 500 is interposed between 
the rack shaft 32 and the rack housing 33, the invention does not limit the constitution or configuration of the viscoelastic 
member, the number of the viscoelastic members, northe use of the highly viscous lubricant, so long asthe predetermined 
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viscous friction and elasticity may be applied to the rack shaft 32. However, it is more preferred to use the member 500 
integrating the viscous material and the elastic material as shown in FIG. 49, because the member 500 may be readily 
assembled in the system. The use of the above member is further preferred in that such a simple constitution may easily 
prevent the degraded steering feeling by suppressing the vibrations in the system and that the system may have a 
decreased number of components. 

8. Vibration Suppression in Steering Mechanism (Improvement of Convergence) 
8.1. Consideration for Vibration Suppression in Steering Mechanism 

[0326] The steering system is prone to vibrate due to the elasticity (spring) of the torsion bar 23. In some cases, for 
example, the system may suffer a lowered convergence performance when the driver lets go of the steering member 
1 . One of the conventional systems is constituted such that a spiral bush interposed between the input shaft and the 
output shaft applies friction (resistance) for preventing the decrease of convergence performance (Prior Art 20). 
Another conventional system, as exemplified by Prior Art 21, has a constitution wherein a viscous-friction compensation 
value defined according to the steering angular speed of the steering member is corrected based on the vehicle speed, 
whereby the degradation of the steering feeling is controllably suppressed. 

[0327] However, the following drawback is encountered by the conventional system such as of Prior Art 20 which 
applies friction. The output from the above torque sensor contains hysteresis so that the neutral position of the steering 
member is indeterminable. This drawback may lead to the degradation of the steering feeling. On the other hand, the 
system of Prior Art 21 provides the correction in a manner to increase the viscous friction during vehicle travel at high 
speed and to eliminate the viscous friction during vehicle travel at low speed. That is, the assist torque suffers an impaired 
linearity at a vehicle speed corresponding to a boundary between the highspeed vehicle travel and the low-speed vehicle 
travel. As a result, the steering feeling is degraded. 

[0328] The following constitution may be adopted for the purpose of easily suppressing the vibrations at the steering 
mechanism and preventing the degradation of the steering feeling. 

That is, a preferred electric power steering system for providing steering assist by applying a power of an electric motor 
to a steering mechanism extending from a steering member to steerable wheels is characterized in that the steering 
mechanism comprises: an input shaft and an output shaft connected to the steering member and the steerable wheels, 
respectively; and a torsion bar connected to the input shaft and the output shaft at one end thereof and the other end 
thereof, that a viscoelastic member is interposed between the input shaft and the output shaft, or between the torsion 
bar and either one of the input shaft and the output shaft, and that the viscoelastic member has a viscous friction constant 
C defined to satisfy the following inequality (91): 

0.8((K1+K2)J) 1/2 < C ... (91), 

where K1 denotes the elastic constant of the torsion bar; K2 denotes the elastic constant of the viscoelastic member 
and J denotes the inertia of the torsion bar as determined at steering-member side. 

[0329] According to the electric power steering system of the above constitution, the viscoelastic member having the 
viscosity constant C satisfying the inequality (91) is interposed in the steering mechanism at place between the input 
shaft and the output shaft or between the torsion bar and either one of the input shaft and the output shaft. In this system, 
the inventors and the like have found that the viscoelastic member is capable of applying a proper viscous friction to the 
steering mechanism. The inventors and the like have also found that the vibrations in the steering mechanism caused 
by the elasticity of the torsion bar may be easily suppressed by way of the viscous friction of the viscoelastic member. 
[0330] It is preferred in the above electric power steering system that the viscoelastic member has the viscous friction 
constant C defined to satisfy the following inequality (92): 

0.8((K1+K2)J) 1/2 < C< 4((K1+K2)J) 1/2 ... (92). 

In this case, the viscous friction applied from the viscoelastic member to the steering mechanism is limited by the right 
term of the inequality (92), so that the steering mechanism may be prevented from being decreased in the responsivity. 
[0331 ] In the above electric power steering system, the viscoelastic member may comprise: an inner cylinder; an outer 
cylinder surrounding the inner cylinder via a gap; an elastic material interconnecting the inner cylinder and the outer 
cylinder and having the elastic constant K2; and a viscous material filled in the gap between the inner cylinder and the 
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outer cylinder and having the viscous friction constant C. 

In this case, the viscoelastic member integrating the above elastic material and the viscous material is used so that the 
member may be easily assembled in the system. Furthermore, the simple structure is adapted to suppress the vibrations 
at the steering mechanism whereby the degradation of the steering feeling may be easily suppressed. 

5 

8.2. Preferred Mode of Viscoelastic Member 

[0332] As shown in FIG. 1 , a cylindrical viscoelastic member 600 is interposed between the input shaft 22 and the 
output shaft 24. Also referring to FIG. 50, the viscoelastic member 600 is formed in one piece in the form of a metal 

10 container 611 of a double-cylinder structure including an inner cylinder 61 1 a and an outer cylinder 61 1 b surrounding 
the innercylinder61 1 a via agap. The container61 1 is provided with a plurality of beams 61 1 cwhich integrally interconnect 
the inner cylinder 61 1 a and the outer cylinder 61 1 b as arranged in a circumferential direction at 120° intervals, for 
example. The beams 61 1c are formed of a flat spring material, thus constituting an elastic material of the viscoelastic 
member 600. On the other hand, a viscous material 612 such as formed from a synthetic rubber material is filled in 

15 individual gap sections defined between the inner cylinder 61 1 a and the outer cylinder 61 1 b and partitioned by the beams 
61 1 c. The viscous material constitutes the viscous material of the viscoelastic member 600. An inside surface of the 
inner cylinder 611 a is in close contact with an outside surface of the input shaft 22 while an outside surface of the outer 
cylinder 61 1 b is in close contact with an inside surface of the output shaft 24, whereby the viscoelastic member 600 is 
interposed between the input shaft 22 and the output shaft 24. Thus, the viscoelastic member is adapted to apply the 

20 elasticity and the viscous friction thereof to the input and output shafts 22, 24 circumferentially pivoted according to the 
steering of the steering member 1 . The viscoelastic member may also have an alternative constitution to the above. 
That is, the individual parts of the container 1 1 are formed of the same metal material while the elasticity is imparted to 
the beams by reducing the thickness thereof. 

[0333] In the viscoelastic member 600, the material (compositions) of the viscous material 612 is properly changed 
25 such that the viscous friction constant C of the viscous material 61 2 may satisfy the following inequality (91 ) or preferably 
the following inequality (92). Thus, the viscoelastic member is adapted to easily suppress the vibrations at the steering 
mechanism A due to the elasticity (spring) of the torsion bar 23. 



0.8((K1+K2)J) I/2 <C ... (91), 



0.8((K1+K2)J) 1/2 < C< 4((K1+K2)J) ,/2 ... (92), 

where J denotes the inertia of the torsion bar 23 as determined at the steering-member side 1 (upper spring); K1 denotes 
the elastic constant of the torsion bar 23; and K2 denotes the elastic constant of the beams 61 1c. The viscous friction 
of a suitable value may be applied to the steering shaft 2 by using the viscoelastic member 600 having such a viscous 
friction constant C. Thus, the vibrations at the steering mechanism A may be suppressed. Furthermore, an upper limit 
of the viscous friction constant C is defined by the value of the right term of the inequality (92), whereby the steering 
mechanism A may be prevented from being decreased in the responsivity. It is noted that the inertia J of the upper spring 
is principally constituted by the inertia of the steering member 1 . 

[0334] More specifically, the above vibration system of the steering mechanism A is represented by a transfer function 
1/(Js 2 +Cs+K0) of the secondary vibration system, the function expressed using the aforesaid inertia J of the upper 
spring, the sum K0 of the elastic constants K1 and K2, the viscous friction constant C, and the Laplace operator s. This 
transfer function can be expanded to the following equations (93) and (94). Therefore, the natural angular frequency con 
and the damping coefficient £ of the above vibration system are represented by the following equations (95) and (96), 
respectively, on condition that the detonators of the equations (93) and (94) are of the same value. 



50 

l/(Js 2 +Cs+K0) = (l/J)/(s 2 +Cs/J+K0/J) ... (93) 



= (l/J)/(s 2 +2Ccons+con 2 ) ... (94) 
con = (K0/J) 1/2 ... (95) 



61 



EP 1 767 436 A1 



C = C/2J©n = C/2(K0J) I/2 ... (96). 

[0335] A proper range of the above damping coefficient £ is defined by the following inequality (97). Then, the above 
inequalities (91) and (92) can be obtained by substituting the above equation (96) in this inequality (97) and rewriting 
the inequality accordingly. The inequalities (91) and (92) define the viscous friction constant C using the above inertia 
J and the elastic constant KO (= K1+K2). 

0.4 <£<2 ... (97). 

Specifically, by selecting a value of 0.4 or more for the damping coefficient £ defined by the above inequality (97), the 
viscoelastic member 600 is adapted to apply the viscous friction thereof as the minimum required load (resistance) 
between the input and output shafts 22, 24, namely to the steering shaft 2 of the steering mechanism A. Even when the 
disturbances and the like are inputted from the steerable wheels 5, the vibrations of the steering shaft 2 and the resultant 
variation of the steering feeling may be reduced enough to be hardly perceived by the driver, because of the resistance 
applied from the viscoelastic member 600 to the steering shaft 2. 

[0336] In theory, a requirement for preventing the step response of the secondary vibration system from overshooting 
relative to steady state is that the damping coefficient £ has a value of 2 -1/2 or more. Specifically, the viscous friction 
constant C may preferably be defined by the above equation (96) to be (2(K0J) 1/2 /2 1/2 ) or more, because the above 
vibration system may constitute a relatively stable system, a natural frequency curve of which includes no peak gain. 
For instance, when the driver lets go of the steering member 1 at transition from turn to straight-ahead drive of the 
vehicle, the viscoelastic member 60 is capable of applying a proper viscous friction to the steering shaft 2 thereby 
preventing the steering member 1 being returned to the neutral position from overshooting. As a result, the steering 
member 1 is prevented from suffering the lowered convergence performance. In the meantime, the detection output 
from the torque sensor 7 is prevented from containing hysteresis whereby the drawback that the neutral position of the 
steering member 1 is indeterminable may be obviated. Furthermore, it is preferred to define the value of the damping 
coefficient £ to be 1 or more, or to define the viscous friction constant C to be (2(K0J) 1/2 ) or more because the vibrations 
(resonance) at the above vibration system may be prevented. 

By selecting a damping coefficient £ of 2 or less, the viscous friction applied from the viscoelastic member 600 to the 
steering mechanism A may be limited whereby the steering mechanism A may be prevented from being decreased in 
the responsivity. This assuredly prevents hysteresis from appearing in the detection output from the torque sensor 7. 
What is more, because of the limited viscous friction (resistance) applied from the viscoelastic member 600 to the steering 
shaft 2, the driver may be prevented from suffering an excessively increased load during the steering of the steering 
member 1. 

[0337] In a case where a damping coefficient £ of less than 0.4 is selected, the viscoelastic member 600 applies 
insufficient viscous friction to the steering mechanism A, so that the above vibration system in the mechanism A is not 
stabilized. Hence, the degradation of the steering feeling due to the vibrations at the vibration system is likely to occur. 
In a case where a damping coefficient £ of more than 2 is selected, the viscous friction applied by the viscoelastic member 
600 is increased more than necessary, so that the driver may encounter a relatively difficult steering operation. Hence, 
the steering feeling may be degraded to some degree. 

[0338] A specific example of the numerical values of the viscous friction constant C is as follows. A design value of 
the elastic constant K1 of the torsion bar 23, as converted to a value about the steering shaft 2, is K1 = 29 (kgf-cm/deg) 
= 29X9.8X10 2 X180/7C (Nm/rad)= 162.8 (Nm/rad). A design value of the elastic constant K2 of the viscoelastic member 
600, as converted to a value about the steering shaft 2, is K2 < 1 (kgf-cm/deg) = 5.6 (Nm/rad) or so. Therefore, the sum 
K0 of these elastic constants K1 , K2 is in the range of 163 to 169 (Nm/rad). An example of the measured value of the 
inertia J of the upper spring or the steering-member-1 side of the torsion bar 23 is in the range of 0.020 to 0.025 (kg-m 2 ). 
By substituting the specific values of the elastic constant K0 and the inertia J in the above inequality (92), 1 .44 < C < 
8.22 may be obtained as a specific range of the preferred viscous friction constant C. 

[0339] In the electric power steering system according to the embodiment of the above constitution, the viscoelastic 
member 600 having the viscous friction constant C defined by the above inequality (91 ) is interposed between the input 
and output shaft 22, 24, for applying the proper viscous friction to the steering shaft 2 of the steering mechanism A. 
Therefore, the steering system is capable of easily suppressing the vibrations at the steering mechanism A and of 
preventing the steering feeling from being degraded by the vibrations. Furthermore, the viscous friction constant C is 
defined by the value of the right term of the inequality (92) whereby the viscous friction of the viscoelastic member 600 
applied between the input and output shafts 22, 24 may be limited so as to prevent the steering mechanism A from being 
decreased in responsivity. This makes it possible, for example, to more assuredly prevent an excessive delay in the 
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return of the steering member 1. Thus is obviated the degradation of the steering feeling. Furthermore, the viscous 
friction is also effective to prevent hysteresis from appearing in the detection output from the torque sensor 7, whereby 
the drawback that the neutral position of the steering member 1 is indeterminable may be obviated. This also leads to 
the prevention of the degraded steering feeling. In addition, the vibrations at the steering mechanism A are suppressed 

5 by means of the viscoelastic member 600. This negates the need for a complicated drive control of the electric motor 9 
in contrast to the aforementioned Prior Art 2 wherein the degraded steering feeling due to the vibrations is prevented 
by way of the assist control. The electric power steering system of the embodiment provides an easy suppression of the 
vibrations in the steering mechanism A. Therefore, the steering system of the embodiment may be applied to a vehicle 
carrying an electric power steering system featuring a much smaller friction about the torsion bar (e.g., on the order of 

10 0.05N) than a hydraulic-type steering system, thus easily improving the ride quality and drivability of the vehicle. 

[0340] Referring to FIG. 51, a specific description is made on the results of an evaluation test conducted by the 
inventors and the like. 

The evaluation test used an article of the example of the invention wherein the viscoelastic member 600 was interposed 
between the input and output shafts 22, 24; a prior-art article wherein a friction material (spiral bush) was interposed 
15 between the input and output shafts 22, 24; and a comparative article without the viscoelastic member 600 or the friction 
material. An impulse was applied to each of the steering mechanisms from the steering-wheel side thereof, while a 
response waveform of each steering mechanism was detected by means of a vibration meter installed on the steering- 
member side. As shown in FIG. 51 (a), the article of the example responded to the input impulse with only one vibration 
which immediately converged. 

20 in contrast, the prior-art article responded to the input impulse with a few vibrations, as shown in FIG. 51 (b). The prior- 
art article had a longer convergence time than the inventive article and suffered a steady-state deviation (deviation of 
the steering member 1 from the neutral position), which is dependent on the friction constant of the friction material and 
the like. 

As shown in FIG. 51 (c), the comparative article responded to the input impulse with several vibrations which took much 

25 longer time to converge as compared with the inventive article. 

[0341] While the foregoing description illustrates the case where the viscoelastic member 600 is interposed between 
the input and output shafts 22, 24, the invention is not limited to this. What is required is that the viscoelastic member 
having the viscous friction constant C defined to satisfy the inequality (91 ) is interposed between the torsion bar 23 and 
the input shaft 22 or between the torsion bar 23 and the output shaft 24. 

30 While the foregoing description illustrates the viscoelastic member 600 wherein the beams (elastic material) 61 1c and 
the viscous material (viscous friction member) 612 are disposed in the container 611, the invention may employ any 
viscoelastic member having the aforementioned viscous friction constant C and elastic constant K2. The constitution 
and configuration of the viscoelastic member as well as the number of the viscoelastic members are not limited to the 
above. However, it is more preferred to use the viscoelastic member 600 incorporating the viscous material and the 

35 elastic material in the container 61 1 because the member 600 may be easily assembled in the steering mechanism A. 
Furthermore, the use of the above member is favorable in that such a simple constitution is capable of easily preventing 
the degradation of the steering feeling by suppressing the vibrations at the steering mechanism A. 



40 Claims 

1. An electric power steering system for providing a steering assist by applying a power of a steering assist motor to 
a steering mechanism, comprising road-noise suppression control means for controlling the steering assist motor 
in a manner to damp torque transmission in a higher frequency region representing road noises than a frequency 

45 region representing road information, 

- wherein a friction value of the steering mechanism is decreased enough to allow intrinsic vibrations of the 
steering mechanism to appear, and 

- wherein rotor inertia of the steering assist motor is set to a value small enough to allow a frequency of the 
50 intrinsic vibrations to be present in the frequency region where the torque transmission is damped by the road- 
noise suppression control means. 

2. An electric power steering system operating to apply a torque of a steering assist motor to a steering mechanism 
including a steering gear via a reduction gear assembly and permitting a friction of the steering gear and a friction 

55 of the reduction gear assembly to act as resistance for reducing the transmission of the torque of the steering assist 

motor, 

- wherein a motor having a rotor inertia, converted to a value about a steering shaft, of 0.012 kgm 2 or less is 
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employed as the steering assist motor, and 

- wherein the sum of the friction of the steering gear and the friction of the reduction gear assembly converted 
to a value about the steering shaft, is defined to be 1 Nm or less. 

An electric power steering system according to Claim 2, 

further comprising means for controlling the steering assist motor in a manner to damp torque transmission in a 
frequency region representing road noises. 
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FIG. 4 
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FIG. 5 
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FIG. 8 
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FIG. 10 
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FIG. 11 




75 



EP 1 767 436 A1 




76 



EP 1 767 436 A1 




O O O O 

O O O O 



(uiii) >!NV1J NOINId 
JO AlllNVnO mth 



77 



EP 1 767 436 A1 




78 



EP 1 767 436 A1 



FIG. 15 
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FIG. 16 
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FIG. 18 
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FIG. 19 
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FIG. 22 
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FIG. 26 
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FIG.. 37 
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FIG. 44 
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FIG. 45 
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provided which is capable of providing a favorable steering feeling without 
using compensation logics such as of inertia compensation and friction 
compensation. The electric power steering system includes road-noise 
suppression control means (213) for controlling a steering assist motor (9) in 
a manner to damp torque transmission in a higher frequency region 
representing road noises than a frequency region representing road 
information. A friction value of a steering mechanism (A) is decreased 
enough to allow the intrinsic vibrations of the steering mechanism (A) to 
appear. Rotor inertia of the steering assist motor (9) is set to a value small 
enough to allow the frequencies of the intrinsic vibrations to be present in 
the frequency region where the torque transmission is damped by the road- 
noise suppression control means (213). 
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